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SUMMARY
Gas turbine engine components are manufactured from nickel-base superalloys, such
as Waspaloy, that obtain their superior high temperature mechanical properties through
the formation of the γ’ precipitate phase within the γ matrix phase via heat treatment.
The γ’ precipitate microstructure can evolve with both processing and high temperature
exposure in the gas turbine engine, resulting in evolving mechanical properties. In order to
assess this change in mechanical properties, it is desirable to develop non-destructive testing
methods for characterizing the evolution in the underlying precipitate microstructure due
to heat treatment. This project focuses on the use of electrical resistivity measurements as
such a non-destructive testing method for detection of the evolution of the γ’ precipitate
phase size and distribution in Waspaloy. In order to relate the evolving volume distribution
of precipitates to the electrical response, volumetric small angle scattering (SAS) measure-
ments such as small angle neutron scattering (SANS) and ultra small angle X-ray scattering
(USAXS) measurements were both performed. Standard microscopy techniques and X-ray
diffraction were also performed to complement these measurements.
In order to assess which type of radiation (X-rays versus neutrons) was best for these
specimens, a comparative study between SANS and USAXS was performed for similarly
heat treated specimens. It was found that the USAXS measurements were more sensitive to
a secondary precipitate size population that formed due to cyclic heat treatment. For cases
where non-cyclic heat treatment was used, SANS measurements were more accurate. SANS
samples can be of much greater thickness than the USAXS specimens, allowing for more
statistically significant results; however, USAXS measurements can give lower measureable
scattering angles, resulting in the detection of larger precipitates. In order to assess the
effects of quenching samples from room temperature, an in-situ SANS measurement was
performed at 725◦C. This data was compared to SANS measurements on specimens given
xi
ex-situ heat treatment at the same temperature. These studies showed a similar microstruc-
tural response whether the data was taken from in-situ or ex-situ specimens.
The electrical resistivity due to γ’ precipitation involved the fast increase to a peak,
due to the initial nucleation of the finely-spaced precipitates. As the precipitates increase
in size and spacing, conduction electron scattering from precipitates is expected to become
less frequent. This resulted in a slower decrease after the initial peak. This decreasing
region is also due to removal of precipitate forming solute, as the precipitate volume fraction
increases. Once the equilibrium volume fraction of γ’ was reached, the resistivity reached
a minimum value and formed a plateau with increasing aging time. This plateau occurred
at similar aging times to the maximum in hardness. For the case of cyclically heat treated
specimens, a fluctuating behavior was noted in the resistivity due to the presence of a
smaller, secondary precipitate size population fluctuating in and out of solution in the
matrix.
The initial resistivity maximum was fit with a Johnson-Mehl-Avrami (JMA) type equa-
tion for Waspaloy specimens heat treated at 600, 625, and 650◦C. The fitted model showed
an excellent agreement with the measured electrical response, implying that this model
is valid for describing the initial nucleation of γ’ in Waspaloy. The evolution of the rate
constants with temperature revealed an activation energy of 398 kJ/mol. The resistivity
maximum can be attributed to the initial volume fraction of the nucleated precipitates,
whereby the volume fraction and resistivity both increased similarly with aging time.
For aging times past the initial peak in resistivity, the JMA model fails to capture
the electrical response. For this regime, where growth and coarsening were the dominant
precipitation mechanisms, a microstructural model designated as η’ was created. This model
accounts for conduction electron scattering from both precipitates and solute atoms, such
that the electrical response due to precipitation can be modeled for a wide range of aging
times. This model effectively fits a volume distribution of precipitates to the measured
electrical response. Excellent fits to the electrical resistivity were obtained using this η’
model, implying that it is valid for predicting the electrical response due to the γ’ precipitate
population during the growth and coarsening stages. If the effects of dislocations on the
xii
electrical response were added to this model, then it might be possible to use electrical
resistivity testing to monitor the evolution of the γ’ precipitate distribution for in-service




Nickel-base superalloys are an important material used primarily in the hot sections of
both land and air-based gas turbine engines. Nickel-base superalloys have excellent high
temperature strength, creep resistance, and corrosion resistance, allowing them to withstand
the extreme temperature and corrosive environment within the gas turbine engine for long
periods of time. The enhanced mechanical properties of gas turbine engine components
manufactured from nickel-base superalloys are induced primarily through the formation
of precipitate phases within the nickel-rich γ matrix phase. The material of interest for
this project is Waspaloy - a polycrystalline nickel-base superalloy used in disc rotors. In
Waspaloy, the precipitate phase is designated as γ’ and has the chemical formula Ni3(Al, Ti).
The formation of γ’ via heat treatment strengthens the material by impeding dislocation
motion; however, the strengthening ability of the precipitate phase is highly dependent on
the induced microstructure. The precipitate size, spacing, volume fraction, and distribution
all have significant effects on the mechanical properties of superalloys [1]. During service,
gas turbine engine components are exposed to high temperatures that can enable further
microstructural evolution of the previously induced precipitate phases. This evolution in
the precipitate microstructure would result in a corresponding evolution in the mechanical
properties of the component. It is also to be expected that the components will have a degree
of variability during the initial processing stages. In order to track the mechanical properties
of gas turbine engine components during service and to test for the degree of variability
in the initial component microstructure, it would be desirable to develop a non-destructive
testing methodology to monitor the precipitate phases in nickel-base superalloys.
Electrical resistivity testing is one method by which the precipitation process may be
monitored in nickel-base superalloys [2–11]. Electrical resistivity is sensitive to crystal de-
fects (such as dislocations, point defects, and precipitates), as well as the solute content in
1
metallic alloys [12]. The electrical response is thus affected by the increase in conduction
electron scattering caused by the formation of the precipitate phase and also by the de-
crease in conduction electron scattering caused by the removal of precipitate forming solute
from the matrix phase. Electrical resistivity measurements are thus sensitive to the initial
nucleation of the precipitate phase, as well as their eventual growth and coarsening. If
the electrical response due to precipitation is coupled with the evolution in the precipitate
microstructure, then electrical resistivity testing could be used as a metric for both the
evolving microstructure and the mechanical properties.
Small angle scattering (SAS) is one method by which the precipitate microstructure may
be quantified in nickel-base superalloys [7, 9–11, 13–27]. SAS is an ideal characterization
method, since the measurements are taken throughout the sample volume - yielding sta-
tistically significant results [28]. SAS is especially useful for deriving volume distributions
of the nanometer-scale precipitates. Calculating particle size distributions for such small
precipitates via traditional microscopy methods requires extensive sample preparation and
is subject to large errors.
1.1 Objectives of the Thesis
In this project, electrical resistivity measurements were used to non-destructively track the
changes in the γ’ precipitate phase in Waspaloy due to heat treatment. The microstructure
was obtained through volumetric ultra small angle X-ray scattering (USAXS) and small
angle neutron scattering (SANS) measurements. Of particular interest were the effects of
precipitate size, spacing, volume fraction, and distribution on the electrical response, as
these are the key microstructural features that affect the mechanical properties in superal-
loys [1]. Standard microscopy and X-ray diffraction (XRD) experiments were performed to
provide supporting evidence for the evolving precipitate microstructure. A microstructural
model for the electrical response due to precipitation is proposed. It is believed that some
form of this microstructural model could be used to track the evolution in the precipitate
microstructure in superalloys, and thus give a metric for the evolving mechanical properties
of gas turbine engine components due to thermal exposure.
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A brief introduction to the following chapters will be given here. Chapter 2 will present
the background on precipitation hardening, superalloys, and characterization of superalloys
using electrical resistivity and small angle scattering. The experimental procedure will be
given by Chapter 3. The next chapter (Chapter 4) will discuss the differences between
USAXS and SANS measurements for heat treated Waspaloy samples, showing that cer-
tain radiation and instrument types are better suited to certain heat treatment conditions.
Chapter 5 will also discuss the proper use of small angle scattering (SAS) measurements
through analyzing the differences between in-situ and ex-situ heat treatment on the SAS
data. After these two preliminary chapters, Chapter 6 will give an overview of the me-
chanical and electrical properties of Waspaloy as they evolve with heat treatment. The
subsequent chapters will focus on quantifying the electrical response shown in Chapter 6 to
the Waspaloy microstructure. Chapter 7 will present a model for the electrical resistivity
in the nucleation regime, which uses a JMA type model. Chapters 8 and 9 will present a
model for the electrical resistivity in the growth and coarsening stages, where the effects of
matrix solute content will play an important role in the resulting model. The final model





2.1 Precipitation Hardenable Alloys
Precipitation hardenable alloys, such as nickel-base superalloys, are two phase materials,
with a precipitate phase formed within the solute rich matrix phase via heat treatment.
These heat treatments are shown schematically by Figure 1. The left side of Figure 1
is a hypothetical phase diagram in terms of temperature and composition of solute for a
precipitation hardenable system. At temperatures above the solvus, only a single matrix
phase is stable. The matrix is denoted as γ for nickel-base superalloys. At temperatures
below the solvus, the precipitate phase (denoted as γ’ for superalloys) is also stable. The
heat treatments necessary to form the precipitate phase within the matrix phase are thus
schematically shown by the right side of Figure 1 in terms of temperature versus time. The
material is first heat treated to a temperature above the solvus followed by a rapid quench
to room temperature. This forms a single matrix phase with all elements in solution and
is known as the solution treatment. The material is then heat treated to temperatures
below the solvus (followed again by quenching) to form the precipitate phase within the
matrix. This is known as the aging treatment. By varying the time and temperature of the
aging treatment, the kinetics of the precipitation reaction as well as the volume fraction of
precipitates can be changed [1].
In precipitation hardened alloys, the precipitates increase the strength or hardness of
the material by inhibiting dislocation motion. The trends in the strength or hardness
of such materials is shown schematically by Figure 2. The initially nucleated precipitate
microstructure is finely spaced, requiring dislocations to shear through the precipitates to
move throughout the material. The stress required to shear the precipitates resists such
dislocation motion. As the precipitate volume fraction increases, this resistance to shearing
also increases. As the precipitate phase evolves with growth and coarsening, the size and
4
Figure 1: Schematic phase diagram and heating schedule for precipitation hardening sys-
tems. For nickel-base superalloys the matrix and precipitate phases are known as γ and γ’
respectively.
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Figure 2: Schematic of the ideal precipitation hardening behavior due to precipitate shear-
ing and bowing by dislocations
spacing of the precipitates also increases. Eventually the precipitates become so widely
spaced that dislocations may bow around the precipitates, rather than shearing through
them. This process is known as Orowan bowing, and results in a decreased resistance
to dislocation motion as precipitate spacing increases [1]. The competing mechanisms of
shearing and Orowan bowing result in a peaked behavior for the strength or hardness of
precipitation hardened materials, whereby aging times after the peak in hardness are known
as the over-aged regime.
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2.2 Microstructural Evolution in Superalloys
2.2.1 Overview of Superalloy Microstructure
Gas turbine engine components have demanding mechanical property requirements, where
high strength (or hardness), corrosion resistance, and creep resistance must be maintained at
temperatures greater than 60% of the alloy melting point [1]. The creep resistance of nickel-
base superalloys is induced by engineering of the matrix grains. For the turbine blades, creep
resistance is of such paramount importance that either directionally solidified grains or single
crystals are used. Creep resistance is not as important for the disc rotor materials such as
Waspaloy. For these materials, the competing requirements of high strength (resultant from
small grains) and creep resistance (resultant from large grains) must both be accounted
for. Due to these two competing requirements, grains sizes between 30µm and 50µm are
chosen for industrial polycrystalline nickel-base superalloy components [1]. For this project,
polycrystalline Waspaloy samples were used, with all samples given a common solution
treatment. It has been shown that this solution treatment yields grain sizes of approximately
85µm for these Waspaloy specimens [5, 7].
To further increase the creep resistance of polycrystalline superalloys, carbide phases are
often produced at the grain boundaries [1]. These phases act to pin the grain boundaries,
increasing the material resistance to grain boundary motion at high temperature. While
some degree of carbide formation is expected in Waspaloy, these phases were not a subject of
the present electrical resistivity studies. Since all specimens were given a common solution
treatment, the extent of carbide formation should be constant and unchanging for the heat
treatment conditions used in this project. In addition, these carbides have sizes on the order
of microns, making their contribution to the electrical response negligible compared to the
nanometer scale microstructural objects in the Waspaloy microstructure [7].
The primary source of strengthening in nickel-base superalloys is due to the formation of
ordered precipitate phases within the FCC matrix phase via heat treatment. In Waspaloy
these precipitates are known as γ’ and have the ordered L12 crystal structure. Ideally these
precipitates have a Ni3(Al, Ti) chemical formula; however, in reality all alloying elements
in superalloys partition into the precipitate and matrix phases [29, 30]. The γ’ precipitates
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greatly increase the strength or hardness of superalloys by inhibiting dislocation motion
as described in Section 2.1. Since the precipitates are ordered in nickel-base superalloys,
the sheared precipitates create high energy anti-phase boundaries (APB’s) with the matrix
phase [1]. The stress required to form these high energy APB’s further resists dislocation
shearing.
The relationships between the strength or hardness of superalloys and the precipitate
microstructure are well known. The most relevant microstructural parameters that affect
the mechanical properties of a given superalloy are the precipitate size, volume fraction, and
mean free path [1]; therefore, these are the parameters of interest when non-destructively
characterizing the γ’ phase in Waspaloy. The relationships between the precipitate mi-
crostructure and the mechanical properties are not the primary focus of this project; how-
ever, hardness data is presented in some instances, and Appendix A discusses a method of
quantifying the hardness in the over-aged regime.
2.2.2 Evolution in Precipitate Volume Fraction (JMA Model)
The increase in the precipitate volume fraction (f V ) to that of the equilibrium volume
fraction (f V,eq) is characterized by an “S” shaped behavior with the aging time [31]. This
behavior is shown schematically by Figure 3. During the nucleation stage, the precipitate
volume fraction increases very little. This is followed by the growth stage, whereby the
volume fraction increases at a much higher rate. This continues until the precipitates begin
to impinge on each other, thus slowing down the precipitation reaction until f V,eq is reached.
For a precipitation reaction this impingement is not true “hard impingement”, whereby the
precipitates physically come in contact with one another. Instead, the diffusion fields from
nearby precipitates overlap, resulting in competition for precipitate forming solute in the
matrix. As the matrix becomes depleted of solute, this slows down the reaction, resulting
in “soft impingement” [31].
The evolution in the precipitate volume fraction with time (t) has been quantified
through the work of Johnson and Mehl [32] and Avrami [33], whereby the increase is
expected to obey a form given by equation 1. In equation 1, the variables k and n are
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Figure 3: Schematic behavior of the evolution in the precipitate volume fraction with aging
time. This behavior can be modeled with a Johnson-Mehl-Avrami type equation.
constants that depend on the temperature at which the reaction is taking place.
fV
fV,eq
= 1− exp [− (kt)n] (1)
2.2.3 Evolution in Precipitate Size and Spacing (Growth and Coarsening)
Diffusion controlled growth and coarsening are characterized by t1/2 and t1/3 rate laws
respectively for the increase in the precipitate radius (r) [31]. During both processes the
precipitates increase in size dramatically compared to the initially nucleated phase. During
coarsening, the precipitate mean free path also increases due to the preferential removal
of the smallest precipitates. By removing the smallest precipitates, the surface area of the
precipitate phase is reduced, allowing for the total energy of the system to decrease [31].
The most widely used coarsening theory for particles undergoing diffusion controlled
coarsening is that derived by Lifshitz and Slyozov [34] and Wagner [35]. This theory is
referred to as LSW theory, and it is given by equation 2. The variables D, γ, V m, and
C e are the diffusion coefficient for the particle forming solute, interfacial energy, molar
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volume of particles, and the matrix solute concentration that is in equilibrium with the
particles respectively. The variables R and T take their normal meanings as the universal
gas constant and the absolute temperature, and k and t are the coarsening rate constant and
time respectively. Equation 2 displays the expected t1/3 behavior for diffusion controlled
coarsening, with the rate constant k considered to be constant.






The coarsening of γ’ has been modeled with the LSW model to some success [36]. Ardell
and Nicholson [36] showed an excellent agreement with the LSW theory for γ’ coarsening in
Ni-Al alloys. This was somewhat surprising to the authors, as the γ’ system is not an ideal
LSW coarsening system. The derivation of LSW theory relies on the following assumptions:
the particles are spherical, the volume fraction of particles is near zero, and the particle-
matrix coherency strain is negligible [34, 35]. All three of these assumptions are not satisfied
in superalloy specimens. Precipitates in superalloys display a variety of morphologies other
than spheroids [37], can have very large volume fractions [1], and can also have large lattice
mismatches [38, 39]. In fact, Rastogi and Ardell [40] observed a deviation from the LSW
theory for γ’ coarsening in a Ni-Si alloy, due to a loss of coherency with the matrix. It has
also been shown that an effective diffusivity (Deff ) should be used in equation 2 due to the
various constraints on the γ’ precipitates [41].
The requirement of spherical particles is not as important as the other two, since it
has been shown that the half edge length can replace the radius for diffusion controlled
coarsening of cuboidal particles in superalloys [26, 42–45]. The effects of the precipitate
volume fraction and the interfacial strain are not negligible on the coarsening behavior and
have been the subject of extensive studies [46, 47]. All of these studies continue to show
the expected t1/3 behavior for the radius; however, the coarsening rate constant is different
than that described by LSW theory, with the value often varying during the coarsening
process itself.
The effects of volume fraction on coarsening were described by Ardell [48], whereby
an increased volume fraction increases the probability of both hard impingement and soft
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impingement from nearby precipitates. This in turn causes the coarsening rate constant
to increase as the volume fraction of particles increases. Further studies on the effects
of a finite volume fraction on particle coarsening have been performed by Voorhees and
Glicksman [49, 50], whereby every particle is assumed to behave as a finite source or sink
for solute atoms. Through computer simulation studies, the authors were also able to
calculate an increasing rate constant with volume fraction of particles. In addition to the
effects of volume fraction, Thornton et al. [51, 52] have modeled the effects of strain on
the coarsening behavior. Through computer modeling, it was shown that the rate constant
increased with interfacial strain, similarly to the volume fraction [51, 52]. There exist many
theories designed to describe the coarsening behavior of non-ideal systems; however, there
is no real agreement between the theories, and there does not exist a single theory which
accurately describes coarsening for all systems [46, 47].
2.3 Electrical Resistivity
2.3.1 Role of Microstructure on Resistivity
Electrical resistivity has shown sensitivity to the precipitation process for several metallic
alloys [2–11, 53–70]. Due to Matthiessen’s rule, increases in a metallic alloy’s solute content
or defect density result in corresponding resistivity increases due to an increase in conduction
electron scattering from these objects [12]. The density of defects within the superalloy
microstructure (such as vacancies, dislocations, and the precipitates themselves) can evolve
with processing or service within the gas turbine engine, making the effects of these defects
on the resistivity important to quantify. In addition, the solute content of the matrix phase
will vary as the precipitate volume fraction changes, making the composition of the matrix
important to quantify as well.
The reason for the resistivity changes due to these microstructural influences may be
explained through the use of the conductivity (σ) equation, given by equation 3, where the
conductivity is the inverse of the resistivity. Both the charge and mass of an electron (e
and me respectively) are constants, and the density of electrons (n) is also constant for
metals. Therefore, changes to the resistivity in superalloys are controlled by changes to
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the mean time between conduction electron collisions (τ). The time between collisions is in
turn controlled by the conduction electron mean free path, which will change as the solute







During precipitation, the initial nucleation of the fine precipitate phase results in a
fast resistivity increase to a maximum. This maximum can be attributed to the decreased
conduction electron mean free path associated with forming these scattering centers within
the matrix phase [53–57]. As the precipitates undergo growth and coarsening, the initial fine
precipitate phase evolves into a more widely-spaced phase. Conduction electrons are thus
more likely to collide with solute atoms than the coarse precipitates. After the maximum,
the resistivity thus begins to decrease due to the growth and coarsening of the precipitates
and also due to the changes to the solute content from the increasing precipitate volume
fraction. Finally, dislocations have been shown to play a role in the electrical response due
to precipitation [56]. Large interfacial stresses or deformation from mechanical loading will
result in an increased dislocation density, and thus an increase in the electrical resistivity.
2.3.2 Classic Resistivity Experiments
The electrical response due to precipitation was first measured for much simpler alloys than
nickel-base superalloys. These initial studies involved Al alloys [53, 54, 59], Cu alloys [55],
and Fe alloys [56, 57]. The conclusions from all of these studies are summarized below:
1. The quenching temperature determined the rate at which the initial resistivity max-
imum was reached. A higher quench temperature implies a larger vacancy concen-
tration upon quenching, which in turn resulted in faster diffusion. The vacancy con-
centration did not affect the value of the resistivity maximum. For a constant aging
temperature (while varying the quenching temperature), the value of the resistivity
maximum remained constant [53].
2. The aging temperature determined both the rate to reach the maximum and the value
of the resistivity maximum. The rate first increased with increasing temperature then
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Figure 4: Change in electrical resistivity due to GP zone formation in an Al-Zn alloy,
as presented by Panseri and Federighi [53]. The specimens were heat treated using (a) a
constant aging temperature with varying quench temperatures and (b) a constant quench
temperature with varying aging temperatures. The axis labels and arrows indicating the
trends with temperature have been added for easier viewing.
decreased after a certain temperature was reached [56]. This is a C-curve type re-
sponse that would be expected for a precipitation reaction. The value of the resistivity
maximum increased with decreasing temperature in all cases, due to the increasing
precipitate volume fraction at lower temperature [53–57, 59]. It was determined that
the precipitates had sizes of approximately 1 nm at the resistivity maximum, regard-
less of the aging temperature [54, 56, 57].
3. In some cases, prolonged aging resulted in large interfacial strains. These strains, and
their associated increase in dislocation density, gave rise to resistivity increases well
after the initial maximum [56].
The most in depth studies on the effects of precipitation on the electrical response were
performed by Panseri and Federighi [53] for Guinier-Preston (GP) zone formation in an
Al-Zn alloy. The electrical resistivity results for these studies are given in Figure 4. These
experiments were initially meant to ascertain the effects of vacancy concentration on the
electrical response, as the authors believed that point defects would be the most relevant
defect type affecting the resistivity maximum. As conclusion 1 above states, this was not
the case for their experiments. Instead, as Figure 4(a) shows, the vacancy concentration
only affects the initial formation kinetics of the resistivity maximum. The value of the
maximum was controlled entirely by the aging temperature, as seen in Figure 4(b).
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Figure 5: Change in electrical resistivity due to Ni3Ti formation in an austenitic stainless
steel, as presented by Wilson and Pickering [56]. The specimens were heat treated using
varying aging temperatures, and the data is presented for (a) high aging temperatures
and (b) lower aging temperatures. The axis labels and arrows indicating the trends with
temperature have been added for easier viewing.
Figure 4(b) suggests faster kinetics to reach the resistivity maximum as the aging tem-
perature is increased; however, Wilson and Pickering [56] were able to show a C-curve type
response for aging of an austenitic stainless steel. These results are given in Figure 5. Figure
5(a) represents the higher aging temperatures and clearly shows that the kinetics initially
speed up as the temperature is decreased. For aging temperatures less than 730◦C, the
kinetics become slower as the temperature is decreased, as shown by Figure 5(b). This
C-curve type response to time and temperature is expected for a nucleation and growth
process such as precipitation [31]. The precipitates formed during these experiments were
Ni3Ti, which has a similar chemistry to the γ’ phase in Waspaloy. These Ni3Ti precipitates
formed large coherency strains with the matrix after long-term aging, which resulted in
noticeable resistivity increases [56]. For Waspaloy, the low lattice mismatch between the
precipitates and matrix makes such coherency strains unlikely - even after long-term aging
[71].
Another interesting observation by Wilson and Pickering [56] was that the precipitates
had sizes of approximately 1nm at the resistivity maximum, regardless of the aging temper-
ature. This was also noted by several other researchers using a variety of characterization
techniques. Specifically these precipitate sizes were confirmed by TEM studies [56], X-ray
diffraction [57], and small angle X-ray scattering [54] for three separate alloy systems.
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2.3.3 Resistivity Studies on Other Non-Nickel Alloys
Electrical resistivity is commonly used in industry to non-destructively monitor several alloy
types. In fact, most papers available in the literature involve electrical resistivity testing
of Mg, Cu, and Al alloys for a variety of processing conditions. For conciseness, selected
papers on this subject have been cited [60–69].
Most studies have used electrical resistivity to prove whether or not a precipitation
or dissolution reaction has occurred. For precipitation, the removal of solute results in a
resistivity decrease. The addition of solute to the matrix from dissolution thus resulted in
resistivity increases in several instances [62, 64]. While many studies qualitatively associated
the solute content in the matrix as the reason for the electrical response [63–69], little work
has been performed concerning quantifying the precipitate microstructure from resistivity
measurements, as is the goal of this project. Such qualitative studies are especially useful for
cases where more than one precipitation process occurs with processing. In such instances,
multiple resistivity peaks have been observed with aging, with each precipitation reaction
yielding a distinct peak [67]. Resistivity measurements have also been used to calculate the
temperatures at which various precipitation reactions occur. Barucca et al. [61] showed
that the temperature derivative of the resistivity was identical to the differential scanning
calorimetry (DSC) trace of heat treated QE22 Mg.
Most studies involving the effects of precipitation on resistivity focus on the matrix
solute content, since conduction electron scattering from precipitates is only dominant at
the initial aging times, when the precipitates are first nucleated. A recent study has focused
on this nucleation regime, whereby the resistivity maximum was fit with a Johnson-Mehl-
Avrami (JMA) type equation [60]. Ferragut et al. [60] showed an excellent fit of this JMA
equation to the measured resistivity of a 7012 aluminum alloy, as shown by Figure 6. It
can be seen that the fitted JMA lines closely match the measured resistivity data points in
all cases. The volume fraction of the GP zones was found to increase very similarly to the
resistivity, causing the authors to attribute the volume fraction of zones to the resistivity
maximum [60]. This is in agreement with the classic resistivity experiments mentioned in
the previous section. The inset of Figure 6 shows that the resistivity eventually decreases
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Figure 6: Relative resistivity with JMA type fits for heat treatment of 7012 aluminum [60]
for the samples heat treated at 80◦C. For aging times past the maximum, the JMA model
fails to describe the electrical response.
The role of dislocations on the electrical response has not been as heavily studied as
for precipitates and solute atoms, but it is expected from Matthiessen’s rule that these
defects should also increase the resistivity [12]. It has been noted by Wilson and Pickering
[56] that matrix strains increase the resistivity, which corroborates this statement. In one
instance, the dislocation density was shown to be directly proportional to the resistivity
in a strain hardened aluminum alloy [72]; however, the effects of dislocations have been
shown to be negligible compared to the effects of the precipitation process itself in another
aluminum alloy [68]. In one instance, a resistivity decrease was noted upon cold working
of an aluminum alloy [69]. Even though the structural defects in the matrix increased by
five orders of magnitude, the effects of solute segregation during cold rolling were more
significant and caused the resistivity decrease. These results imply that precipitates and
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solute atoms dominate the resistivity response; therefore, the effects of dislocations on
the resistivity would only be seen when the precipitates are widely spaced and the solute
content is unchanging. This will occur after long-term aging, as was observed by Wilson
and Pickering [56].
2.3.4 Resistivity Studies on Nickel-Base Superalloys
Electrical resistivity testing of nickel-base superalloys is far less common in the literature
than for the more simple alloy types. Marucco [70] was able to use electrical resistivity to
relate Cr depletion in the matrix to precipitation in a Ni-Fe-Cr alloy. Industrially available
superalloys have upwards of ten different alloying elements, making this method much
more complex. Rosen et al. [3] performed resistivity measurements on several wrought
nickel-base superalloys in order to calculate the activation energy for precipitate nucleation.
By measuring the locations of the resistivity maximum with time and temperature, an
activation energy of 250 kJ/mol was calculated [3]. The authors concluded that Ni self-
diffusion was the dominant mechanism for precipitate nucleation in that study.
In order to use electrical resistivity as a non-destructive testing technique in superalloys,
the electrical response must be related to the evolving microstructural defect densities.
White et al. [2] were able to relate the density of solute atoms and precipitates to the
electrical response of heat treated Nimonic PE16. Similarly to Matthiessens’s rule, the
addition of each impurity group was modeled to increase the resistivity of the PE16 alloy
(ρPE16) from that of the matrix phase (ρmatrix). The model for this resistivity response
is given by equation 4 [2], where the subscripts i, s, and l denote impurity atoms, small
precipitates, and large precipitates respectively. The small precipitate group had sizes near
1nm, and the large precipitates had sizes much larger than 1nm. As equation 4 below shows,
the contribution from each impurity group on the resistivity is proportional to the number
of atoms (n) in each impurity group, with n0 representing the total number of impurity
atoms available.











Equation 4 showed an excellent agreement with the measured electrical resistivity of
the PE16 specimens, implying that the effects of precipitates and solute atoms alone can
be used to model the electrical response in superalloys under certain conditions. White
et al. [2] determined that impurity atoms and small precipitates dominated the electrical
response, but large precipitates had little effect. This would explain why the nucleation of
small precipitates dominates the initial electrical response, whereas the removal of solute
dominates the response at long aging times (when the precipitates are predominantly large).
Similarly to the goals of this project, Roebuck et al. [4] have used electrical resistivity to
non-destructively obtain the equilibrium precipitate volume fraction in single crystal super-
alloy specimens. The authors created alloy-dependent empirical models for the evolution
in this volume fraction with temperature. The precipitate volume fraction is a very useful
parameter to obtain non-destructively; however, the precipitate size and spacing are also of
importance towards predicting the mechanical properties of superalloys [1].
2.4 Small Angle Scattering (SAS)
2.4.1 SAS Overview
A generic schematic for a small angle scattering (SAS) setup is given by Figure 7. As
Figure 7 illustrates, the incident radiation from the X-ray or neutron source has an initial
wavevector k i. After interaction with the nanometer and micrometer scale objects within
the sample microstructure, the radiation scatters outwards with final wavevector kf . SAS
is an elastic scattering process; therefore, the magnitudes of both wavevectors are equal
and are given by equation 5. The variable λ in equation 5 refers to the wavelength of the
radiation. By measuring the intensity of the radiation scattered outwards to the detector,
the scattering vector (Q) may be calculated as the difference between kf and k i. The
scattering vector can be used as a measure of the size of the microstructural objects within
the sample and is inversely proportional to the real space object size [28].





Figure 7: Schematic of a typical Small Angle Scattering (SAS) setup
Small angle scattering (SAS) is among the methods by which the γ’ precipitate phase
may be characterized in superalloys [7, 9–11, 13–27]. SAS is desirable relative to other
characterization techniques, such as microscopy, since the measurements are performed
throughout the sample volume, making the results more statistically significant. By proper
fitting of the measured SAS data, volume distributions of particles can be obtained [73, 74].
For superalloys, the precipitate size, spacing, volume fraction, and distribution can all be
obtained from SAS measurements. When fitting the SAS data, it is important to use models
that most accurately reflect the true microstructure of the measured sample. For instance,
the shape of the particles must be accounted for through the use of the correct form factor
[28]. In addition, the density and composition of both the solution and particles (in this
case γ and γ’) must be known in order to accurately calculate the scattering contrast [28].
The scattering contrast determines the intensity of the scattering and must be known to
calculate the precipitate volume fraction [28].
When performing SAS measurements, one can use either X-ray or neutron radiation.
These two radiation types have different energies, penetration depths, and scattering lengths
for the various elements, making some samples better suited to a particular radiation source
[28]. For nickel-base superalloys, small angle neutron scattering (SANS) is far more common
due to the greater penetrating power of neutrons over X-rays [13–25]. Since nickel is highly
absorbent of X-rays, specimens with thicknesses on the order of 10µm to 20µm must be used
for small angle X-ray scattering (SAXS) measurements [7, 9, 10]. SANS measurements, on
the other hand, can measure millimeter thick samples
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2.4.2 SAS Studies on Nickel-Base Superalloys
The various scattering regions for nickel-base superalloy samples can be seen in Figure 8.
SAS data is often presented as shown in Figure 8, where the scattering intensity is plotted
against the scattering vector (Q). As mentioned previously, Q is the difference between the
scattered and incident wavevectors from the radiation. For superalloy specimens, the data
exhibits distinct scattering regions for the carbides and for the γ’ precipitates. Jemian et al.
[75] were able to show that the scattering region from the carbide phase does not interfere
with the analysis of the scattering region from the precipitate phase. Since Q is inversely
proportional to the real space size, the scattering region for the micron-sized carbides occurs
at low Q. The scattering intensity decreases with Q−4 dependence in this region, which is
known as the Porod region [28]. The Porod region occurs in the high Q region for a given
scattering population. Since the carbides are so large, the rest of their scattering region
occurs at Q values that are too small to be measured at this time. The scattering region for
the nanometer scale precipitates occurs at larger values of Q, and will shift to progressively
lower Q values as they increase in size. By tracking the evolution in the γ’ scattering region
with heat treatment, the kinetics of the γ’ phase transformation can be deduced.
The shape of the γ’ scattering region will vary with precipitate spacing or sample thick-
ness. At the initial aging times, interparticle scattering is more common due to the finely
spaced precipitate phase. This interparticle scattering results in a correlation peak as shown
in Figure 8. As the precipitate spacing increases, the probability of interparticle scattering
decreases, resulting in the disappearance of this peak in the scattering data. When there
is negligible interparticle scattering, the γ’ scattering region evolves into a Debye region,
where the intensity decreases with Q−n dependence (n being a positive non-zero integer).
SAS has been used to study the kinetics of the γ’ phase transformation in nickel-base
superalloys in several instances by tracking the shift in Q of the γ’ scattering region with
aging time and temperature [7, 9, 11, 25–27]. This shift in Q is indicative of the evolution
in precipitate size with heat treatment. These experiments have often been concerned
with determining the temporal power law function for the growth of the precipitate radius
[7, 9, 11, 26, 27]. These experiments have shown the expected t1/3 behavior associated with
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Figure 8: Representative SAS data for nickel-base superalloy specimens. The data exhibits
distinct scattering regions from carbides and the γ’ precipitates.
diffusion controlled coarsening [7, 9, 11, 26] as well as power laws lying between t1/3 and
t1/2 indicating a mixed mode of growth and coarsening [9, 11, 27].
In addition to the precipitate kinetic behavior, SAS can be used to detect morphology
changes in nickel-base superalloys [13, 15–17, 21, 23, 24]. It is expected that superalloys
will display a progression in precipitate morphologies from spheroids to cuboids, arrays
of cuboids, followed by solid state dendrites, whereby the kinetics of this transformation
are controlled by the lattice mismatch [37]. For single crystal superalloy specimens, these
morphology changes can be directly seen by the intensity at the SAS detector [16, 23]. Such
a progression in the measured intensity is shown by Figure 9 for SANS measurements on
the single crystal AM3 alloy [23]. The precipitates in this alloy were aligned along the
[001] direction. By aligning the neutron beam along this direction, the transformation from
spheroids to cuboids was evidenced by the intensity changing from the isotropic case of
Figure 9(a) to a four-fold symmetry shown by Figure 9(b). For the spheroid morphology,
the intensity at the detector will be directionally independent, yielding the ring-like isotropic
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Figure 9: SANS detector image for heat treatment of AM3 single crystal superalloy speci-
mens. The intensity measured along the [001] direction shifts from (a) isotropic scattering
to (b) a four-fold symmetry, indicating the morphology change from spheroids to cuboids
with heat treatment. [23]
scattering. The four-fold symmetry is due to the preferential alignment of cuboids along
the [001] direction, yielding higher measured intensities along the other alignment directions
and giving a diamond-shaped pattern at the detector [23]. In Figure 9, the images show
the disappearance of the outer most scattering ring upon the transition from isotropic
scattering to directionally dependent scattering. This is due to the increase in precipitate
size occuring simultaneously to the morphology change, whereby the outer most ring shifts
to lower Q. The further progression from cuboids to doublets and octets of cuboids has also
been observed by SANS measurements on single crystal superalloy specimens [16]. After
the initial shift from isotropic scattering to a four-fold symmetry, the scattering intensity
shifted to higher values of Q, while maintaining the four-fold symmetry. This indicates that
the precipitates still have cuboidal morphologies but became smaller in size, thus detecting
the shift to the various arrays of cuboids [16].
The rafted morphology in nickel-base superalloys has also been detected via SAS [17, 24].
The rafted morphology involves the directional coarsening of the precipitates into plates
(or rafts) through the simultaneous application of stress and thermal exposure [1]. An
example SEM image of the rafted morphology may be seen in Figure 10. This is a common
morphology change for superalloys used in turbine blades and is expected after long exposure
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Figure 10: SEM image of the rafted morphology for precipitates in the single crystal
superalloy MC-NG [17]
in the gas turbine engine, making this an important morphology change to quantify. For
the transition from cuboids to rafts, the scattering intensity has shown a progression from
four-fold to two-fold symmetry along the precipitate alignment direction [17, 24].
Morphology changes can also be detected for polycrystalline nickel-base superalloys [13].
Zrnik et al. [13] observed a morphology change through fitting of the measured SANS
intensity versus Q data for the polycrystalline EI698VD superalloy. The transition in





The material tested was Waspaloy, which is a polycrystalline nickel-base superalloy primar-
ily used in disc rotors for gas turbine engines. As-forged 13mm diameter Waspaloy bars
were obtained from Fry Steel. An approximate composition quoted by Fry Steel for the
Waspaloy bars is given by Table 1.
Table 1: Composition of the bulk Waspaloy bars (ignoring trace elements)
Element Ni Cr Co Ti Al Mo Fe
Composition (at.%) 56.1 21.2 12.3 3.6 2.7 2.5 1.3
3.1 Heat Treatments
All heat treatments (excluding one case of an in-situ SANS measurement) were performed
using a Carbolite Model CDF 12/65/500 horizontal tube furnace under flowing argon with
a heating rate of 3.3◦C/min during the ramp up to temperature. The as-received Waspaloy
bars were first given a super-solvus solution treatment at 1145◦C for 4 hours followed by
quenching in an approximate 5wt% brine solution heated to approximately 50◦C. This
resulted in samples with grain sizes of approximately 85µm, as reported previously [5, 7].
Aging treatments were performed using two different heating schedules. The first heat-
ing schedule involved heating the solution treated bar to the chosen aging temperature,
re-quenching it after the chosen aging time, sectioning approximately 2mm thick samples
for characterization, then repeating these steps with the remaining bar for subsequent ag-
ing times. This cyclical method of heat treatment resulted in the samples being exposed
to one extra ramp up period for each consecutive aging time that was sampled and follows
the work by Kelekanjeri [76] closely. The second heating schedule involved cutting approx-
imately 8mm sections from the solution treated bars. These sections were subsequently
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aged and quenched individually, followed by further sectioning into approximately 2mm
thick samples for characterization. This heat treatment schedule resulted in a single ramp
up period for every aging time that was sampled.
In the case of in-situ aging during SANS measurements, a standard Institut Laue-Langevin
(ILL) style furnace [77] was used under a vacuum less than 5 X 10−4 Torr. For these mea-
surements, a solution treated sample was exposed to only one ramp up period, similarly to
the second ex-situ heating schedule.
The aging temperatures studied were 600, 625, 650, 725, 800, and 875◦C for aging times
ranging between 2 min and 763.5 h. A list of all samples heat treated and measured in this
thesis are given in Table 2.
3.2 Microscopy
Microscopy specimens were first ground with 400 US grit SiC grinding papers until flat.
This was followed by polishing with 9µm and 3µm diamond pastes. Final polishing was
performed using a suspension of 0.05µm colloidal silica mixed with 1 part 30% hydrogen
peroxide, followed by polishing with a suspension of 0.05µm alumina. Contrast between
the precipitate and matrix phases was achieved via two seperate etchants that have been
reported previously [6] - a preferential precipitate etchant and a preferential matrix etchant.
The preferential precipitate etchant consisted of 10mL each of HCl, HNO3, H2O, and 0.3g of
molybdic acid reagent. The specimens were exposed to this etchant for approximately 15s.
The preferential matrix etchant involved an electrochemical method, whereby the specimens
were exposed to a solution of 2 parts methanol and 1 part HNO3 at room temperature for
30s. During etching, a voltage of 50V DC from a Keithley 228A voltage/current source was
applied.
Microstructural images were obtained using two separate scanning electron microscopes
(SEM’s). The samples exposed to the preferential precipitate etchant were all imaged via a
Leo 1530 SEM, whereas the samples exposed to the preferential matrix etchant were imaged
via a Zeiss SEM Ultra60. In addition, energy dispersive spectroscopy (EDS) measurements
were also obtained using the Leo 1530 SEM. The EDS measurements were obtained to give
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Table 2: List of all samples heat treated and measured. The sample types are given as
follows: resistivity (R), hardness (H), microscopy (M), USAXS (U), SANS (S), and XRD
(X).
Cumulative Heat Treatments
Aging Temperature (◦C) Aging Time Sample
Type
600 2min, 6min, 18min, 30min, 1.5h, 3.5h,





725 2min, 6min, 18min, 30min, 1.5h, 3.5h,




800 2min, 6min, 18min, 30min, 1.5h, 3.5h,




875 2min, 6min, 18min, 30min, 1.5h, 3.5h,





Aging Temperature (◦C) Aging Time Sample
Type
600 18min, 30min, 1.5h, 3.5h, 8.5h, 18.5h,
38.5h, 88.5h, 163.5h, 263.5h
R, X
625 18min, 35min, 1.5h, 3.5h, 8.5h, 12h, 15,
17h, 18h, 18.5h, 19h, 22h, 25h, 27h, 30h,
38.5h, 50h, 88.5h
R, X
650 18min, 30min, 35min, 42min, 50min, 1.5h,
3.5h, 8.5h, 18.5h, 38.5h
R, X
725 2min, 6min, 18min, 30min, 1.5h, 3.5h,
8.5h, 18.5h, 38.5h, 88.5h, 163.5h, 263.5h
R, H,
M, S
800 2min, 6min, 18min, 30min, 1.5h, 3.5h,
8.5h, 18.5h, 38.5h, 88.5h, 163.5h, 263.5h
R, H,
M, S
875 2min, 6min, 18min, 30min, 1.5h, 3.5h,




Aging Temperature (◦C) Aging Time Sample
Type
725 up to 20h S
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a measure of the matrix composition for later small angle scattering (SAS) measurements.
In some instances, a Park Systems XE-100 atomic force microscope (AFM) was also used
for imaging.
3.3 Resistivity
Resistivity specimens were polished similarly to the microscopy specimens. DC four-point
probe resistivity measurements were obtained at the center of the specimens using different
orientations along the diameter for calculation of statistical error. The experimental setup
consisted of a Signatone SP4-40045TFS four probe head attached to a Signatone S301-6
probe station, whereby the probe head had a spacing of 1mm between each probe. Current
was applied to the outer probes using the delta mode setting of a Keithley 6221 AC/DC
current source. The delta mode setting operates by quickly switching the direction of the
current through the probes, so that error due to Joule heating may be removed [78]. The
voltage drop across the inner two probes was measured with a Keithley 2182A nanovolt-
meter. The measured electrical resistances were converted to resistivity by accounting for
the sample geometry. This geometric correction factor was derived by Kelekanjeri and
Gerhardt[79] for four-probe measurements along the diameter of the circular face of cylin-
drical specimens. A detailed explanation of the resistivity measurements and the conversion
from resistance to resistivity is available elsewhere [6].
3.4 Small Angle Scattering (SAS)
3.4.1 Small Angle Neutron Scattering (SANS)
Specimen preparation for Small Angle Neutron Scattering (SANS) experiments consisted
of polishing 2mm thick discs with a series of 400, 800, and 1200 US grit grinding papers
to remove surface roughness. Both ex-situ and in-situ SANS experiments were conducted
at Oak Ridge National Laboratory’s High Flux Isotope Reactor along the CG-2 beamline
[80]. This general purpose SANS beamline has a cold neutron source. The detector is a
1m2 area detector with 5x5mm2 pixel resolution. Various measurement configurations can
be utilized due to the movable detector, movable neutron guides, and variable wavelengths
that can be selected.
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Different instrument configurations were used for the SANS measurements so that dif-
ferent ranges of the scattering vector, Q, could be measured. In all cases, the intensity at
the detector was azimuthally averaged as a function of Q. Background scattering was re-
moved by measuring a blank sample holder, and the data were reduced to plots of scattering
intensity versus Q through the SPICE SANS reduction package[81]. This package operates
within the Igor Pro software from Wavemetrics, Inc. [82], and is made freely available to
those who use the CG-2 beamline.
3.4.1.1 Ex-Situ SANS
SANS measurements for samples given ex-situ heat treatment were performed using three
instrument configurations (corresponding to high, medium, and low Q ranges) for every
sample. This yielded a measured Q range of 10−3Å−1 to 1Å−1. The high and medium
Q ranges were obtained with a wavelength of 4.75Å and a source to sample distance of
9.229m. The Q range was varied from the high to the medium range by changing the
sample to detector distance from 1.161m to 8.861m respectively. The low Q range was
obtained using a wavelength of 12Å, a source to sample distance of 17.275m, and a sample
to detector distance of 19.361m.
3.4.1.2 In-Situ SANS
An approximately 5mm thick specimen was sectioned from a solution treated bar, and
polished similarly to the ex-situ specimens for in-situ aging of Waspaloy during SANS
measurements. For the in-situ experiment, only one configuration could be used at a given
time, due to the precipitation reaction occurring simultaneously to the measurement. A
constant wavelength of 4.75Å and a constant source to sample distance of 8.713m were
used for every measurement. The Q range was shifted to lower values as the precipitation
reaction progressed by changing the sample to detector distance to progressively larger
values. The three sample to detector distances used were 1.391m, 5.091m, and 9.091m.
Since Q is inversely proportional to the real space size of the precipitates, this allowed for
the increase in precipitate size to be tracked as the aging time increased.
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3.4.2 Ultra Small Angle X-ray Scattering (USAXS)
The ultra small angle X-ray scattering (USAXS) measurements required specimens with
thicknesses of approximately 10-20µm for adequate transmission of the X-ray beam. Such
thinning is required for X-rays as compared to neutrons due to the high absorption of X-
rays by nickel. The specimens were first ground with 400 US grit grinding papers until
they began to peel off the mount. The specimen was then polished with a series of 800
and 1200 US grit grinding papers and removed from the mount. Approximately 5x5mm2
specimens were cut from the thinned sample for further thinning with a Gatan disc grinder.
The unpolished face was then polished with a series of 400, 800, and 1200 US grit grinding
papers until final specimen thickness was achieved.
All USAXS experiments were conducted at Argonne National Laboratory’s Advanced
Photon Source along the 32-ID beamline [83]. The USAXS setup at the 32-ID beamline
uses a double-crystal configuration (rather than the movable area detector in the case of
the SANS measurements), making multiple instrument configurations unnecessary. The
measurements were performed using 11.9keV X-rays in all cases. The scattering intensities
were reduced to slit smeared USAXS data through the Indra 2 package [84], which also
operates within the Igor Pro Software [82].
3.4.3 SAS Data Fitting
All data fitting for both SANS and USAXS measurements was performed using the Irena
SAS package [74] within the Igor Pro software [82]. The data were modeled with a discrete
volume distribution of particle scatterers; the theory behind such modeling was first reported
by Potton et al. [73]. The generic equation for modeling the measured SAS intensity with





F 2V f∆D (6)
In equation 6, the first summation is performed over each distribution of particle scat-
terers, and the second summation is performed over each diameter bin within a given
distribution. The term ∆ρ2 is the scattering contrast, which is related to the difference
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in density and composition of the particle and matrix phases (in this case the γ and γ′
phases) [28]. The second term in equation 6, S, is the structure factor, which accounts for
interparticle scattering [28]. The term, F, is the form factor, which accounts for the shape
of the particles. The remaining terms in equation 6 (namely V, f, and ∆D) are the particle
volume, volume distribution, and the width of the diameter bin respectively. In all cases,
the primary distribution of precipitates was fit with a Gaussian distribution of particles.
In the case of the cyclically heat treated specimens, a smaller, secondary distribution of
precipitates was evidenced in the USAXS data. For this secondary distribution, the data
were fit with either a Gaussian or a log normal distribution. These distribution types were
chosen, as they resulted in the best fit to the measured SAS data.
In order to calculate the scattering contrast, the composition of the matrix phase was ob-
tained via EDS measurements on specimens exposed to the preferential precipitate etchant.
This composition is given nominally as Ni0.607Cr0.2304Co0.135Mo0.028. The composition of
the precipitate phase was assumed to be Ni3Al0.5Ti0.5, since the ideal composition of the γ
′
precipitates is expected to be Ni3(Al, Ti) [1].
A hard sphere model was assumed for the structure factor for the Waspaloy system,
whereby the precipitates are assumed to be spheroids that do not interpenetrate. A rep-
resentative example of the precipitate microstructure for the aged Waspaloy specimens ex-
posed to the matrix etchant is given in Figure 11, which shows a specimen that was aged at
800◦C for 263.5h. Figure 11 clearly shows that the precipitates are predominantly spheroids,
making the hard sphere model a good description of the true Waspaloy microstructure. The
equation for the hard sphere model structure factor is given by equation 7 [74].
S(Q) =
1
1 + 3CN [sin(Q∆)−Q∆cos(Q∆)]/(Q∆)3
(7)
This structure factor depends on the correlation distance (center-to-center distance)
between particles, ∆, as well as the particle coordination number, CN.
Since the precipitates are known to be spherical, the form factor for spheroids was used
and is given by equation 8 [28]. In equation 8, r is the radius of the spherical particles.
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Figure 11: Image of the γ’ microstructure for a Waspaloy specimen heat treated at 800◦C






3.5 X-ray Diffraction (XRD)
Specimens for X-ray diffraction measurements were polished similarly to the microscopy and
resistivity specimens. XRD scans were obtained using a PANalytical X’Pert PRO Alpha-1
diffractometer with Cu Kα1 radiation. This instrument has a solid state X’Celerator de-
tector and a Bragg-Brentano parafocusing setup. The diffracted intensities were measured
for 2Θ angles ranging from 42.981◦ to 100.000◦ with a step size of 0.0334225◦ and a scan
rate of 0.005655◦ per s. All data analysis and background removal was performed using the
JADE 9 software from Materials Data, Inc [85].
3.6 Hardness
Hardness specimens were polished similarly to the SANS specimens to remove surface rough-
ness. Vickers microhardness measurements were obtained using a Leco MHT series 200




COMPARISON OF SANS VS. USAXS
Small angle scattering (SAS) measurements have been performed on nickel-base superalloy
specimens using both X-rays [7, 9, 26, 27] and neutrons [10, 11, 13–25]; however, small angle
neutron scattering (SANS) measurements are far more prevalent in the literature. X-ray
radiation is less penetrating than neutron radiation, which necessitates thinner samples for
X-rays [28]. In addition, the scattering lengths of the elements are widely different for
X-ray radiation as compared to neutron radiation, due to the difference in each radiation
type’s interaction with matter. X-rays interact with the electron cloud, whereas neutrons
interact with the nucleus [28]. The difference in scattering lengths can result in widely
different scattering contrasts for X-rays as compared to neutrons. As this chapter will
show, each method has its own strengths and is better suited to certain types of samples
and heat treatment conditions. The available facilities for each measurement type also
vary depending on the institution. For instance, the USAXS beamline at the Advanced
Photon Source allows for anomalous USAXS measurements and USAXS imaging to also be
performed, which are not common techniques among small angle scattering beamlines [83].
In this chapter, a comparative study between SANS measurements and ultra small
angle X-ray scattering (USAXS) measurements was performed for Waspaloy specimens heat
treated at 800◦C for aging times ranging between 0.5h and 88.5h. Aging was performed
utilizing the cyclic heat treatment method, whereby each subsequent aging time involved
an extra heating up cycle. The measured SAS data and the subsequent fitted particle size
distributions for both techniques were compared. The γ’ precipitate microstructure induced
for these heat treatment conditions is given by Figure 12. The precipitates shown in Figure
12 display the expected increase in size and spacing with aging time and remain spherical
throughout all aging times measured.
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Figure 12: SEM images of the γ’ precipitate microstructure in Waspaloy after heat treat-
ment at 800◦C for (a) 8.5h, (b) 38.5h, and (c) 263.5h respectively. The images show the
expected increase in precipitate size and spacing with aging time.[10]
Figure 13: Small angle scattering data for Waspaloy specimens heat treated at 800◦C as
measured by (a) SANS and (b) USAXS [10]
4.1 SAS Data
The measured SAS data due to the evolving precipitate microstructure shown in Figure 12 is
presented in Figure 13. The data were fit with volume distributions of spherical particles for
both the SANS and USAXS measurements. Each aging time has been shifted in intensity,
in order to make the dataset more readable.
The data presented in Figure 13 are very similar in many respects. Both SANS and
USAXS measurements display the expected scattering regions due to carbides at low Q
along with the scattering regions due to the γ’ precipitates at higher Q (see Section 2.4.2).
In both cases, the γ’ scattering region shifts to progressively lower Q with aging time,
which is evidence of the increase in precipitate size; however, the shape of the γ’ scattering
region is different as measured by the two different techniques. The SANS data, shown by
Figure 13(a), displays a correlation peak for the γ’ scattering region. This is indicative of
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interparticle scattering [28]. The USAXS data, shown by Figure 13(b), displays a Debye
region, whereby the scattering intensity decreases with Q−n dependence, n being a positive,
non-zero integer. The presence of a Debye region in the USAXS data suggests that an
insignificant amount of interparticle scattering occurred during these measurements [28].
The difference in the shape of the γ’ scattering regions can be explained by the difference
in sample geometry. The USAXS specimens were required to be 10-20µm thick in order to
adequately transmit the X-ray beam, while the SANS specimens were approximately 2mm
thick (see Section 3.4). As specimen thickness increases, the probability of interparticle
scattering increases [28], which accounts for the large degree of interparticle scattering
evidenced in the SANS data that is not present in the USAXS data. The presence of
the correlation peak in the SANS data is beneficial towards studying the evolution of the
precipitate microstructure in Waspaloy, since the precipitate correlation distance (center-to-
center distance) and coordination number may be obtained from fitting of the data. Since
there are no correlation peaks in the USAXS data, this information cannot be obtained.
The SANS measurements were also able to detect the γ’ precipitates at shorter aging
times than the USAXS measurements, as can be seen by the well defined γ’ scattering region
at 0.5h for the SANS case that is not clearly visible in the USAXS case. It is believed that
the difference in scattering contrast between the two radiation types explains the earlier
detection of the γ’ precipitates via SANS. An increase in the scattering contrast would
result in a larger measured intensity for a given sample. In addition, the SANS samples,
being of much greater thickness than the USAXS samples, had a much larger number of
precipitates, which would also contribute more to the scattering intensity at any given aging
time.
4.2 Particle Size Distributions
The SAS data shown in Figure 13 were fit with a volume distribution of particle scatterers.
The particle size distributions (PSD’s) obtained from this fitting are shown in Figure 14,
whereby the PSD for each aging time has been shifted upwards to increase the readability
of the data.
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Figure 14: Particle size distributions (PSD’s) of the γ’ precipitate phase in Waspaloy
after cyclic heat treatment at 800◦C. The PSD’s obtained from USAXS measurements
show a bimodal behavior that is not evident in the SANS data. The primary USAXS
distribution is shifted to smaller diameters due to the smaller sample volume required for
USAXS measurements. [10]
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The PSD’s as measured by both SANS and USAXS are different in several ways. The
distributions obtained from fitting of SANS data are tighter than those obtained by USAXS
measurements for the lowest aging times. The more obvious difference between the two
data sets is that the USAXS data shows an evolution to a bimodal distribution with aging
time. Such a bimodal distribution has been shown previously for USAXS measurements on
Waspaloy specimens [7]. It will be shown in Chapter 8 that the secondary distribution is
due to the cyclic heat treatment schedule used. Unlike the USAXS data, the SANS data
shows a single primary distribution throughout all measured aging times. It is possible that
the detector used for the USAXS measurements had a higher resolution, yielding a lower
error in the intensity versus Q data. A lower intensity error would make data fitting to
more than one distribution easier. Regardless of the origin of this difference, the primary
distribution appears to dominate the SANS results in all cases.
Another difference in the PSD’s is that the primary distributions are shifted to larger
diameters for the SANS case as opposed to the USAXS case. This discrepancy can be
explained by the difference in sample geometry between the two measurements. The smaller
measured volume of the USAXS samples would result in the preferential removal of the
largest precipitates near the surface of the specimens. The SANS specimens had thicknesses
that were several orders of magnitude larger than the largest precipitates, which would
make this effect negligible. The larger sample volume for SANS specimens also makes
these measurements more statistically significant than USAXS measurements on Waspaloy
samples.
4.3 Conclusions
The SAS data for Waspaloy specimens cyclically heat treated at 800◦C shows distinct
differences when measured via SANS as compared to USAXS. The measured SAS data is
very similar between the two cases, except that the SANS data shows correlation peaks
for the γ’ scattering region that are not evident in the USAXS data. This allows for the
precipitate correlation distance and coordination number to be obtained via SANS - but
not via USAXS. The main differences between the two measurement techniques involved
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the fitted particle size distributions of the γ’ phase. USAXS was able to detect a secondary
precipitate size distribution that was not evidenced in the SANS data. Conversely, the SANS
measurements yielded more accurate primary particle size distributions due to the much
larger specimens that were measured and the higher statistical significance associated with
these samples. In Chapter 8, it will be shown that the secondary precipitate size distribution
is due to the cyclic heat treatment schedule used for these experiments. USAXS is thus
more useful for cyclically heat treated Waspaloy specimens, whereas, SANS measurements
are more useful for specimens that are not cyclically heat treated.
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CHAPTER 5
COMPARISON OF EX-SITU VS. IN-SITU SANS
Small Angle Neutron Scattering (SANS) is a useful method for measuring the kinetics of
phase transformations in nickel-base superalloys [10, 11, 16, 17]. Of particular interest is
the temporal power law function that describes the increase in the precipitate radius due to
heat treatment. A t1/3 rate law is indicative of diffusion controlled coarsening, and a t1/2
rate law is indicative of diffusion controlled growth [31]. In nickel-base superalloys, mixed
modes of growth and coarsening have been previously evidenced from small angle scattering
measurements [9, 27].
In this chapter, the effects of in-situ versus ex-situ heat treatment on SANS samples are
studied in order to assess the effects of removing samples from the furnace and quenching to
room temperature. Such in-situ SANS measurements have been performed for nickel-base
superalloy specimens previously [14, 16, 17]. Both the in-situ and ex-situ heat treatments
presented here were performed using a non-cyclic heating schedule at 725◦C. The differences
between the measured γ’ precipitate size distributions for the two different heat treatment
methods are explored, with particular emphasis placed on evaluating the temporal power
law function mentioned above.
5.1 SANS Data
As the SANS data will show, the precipitate radii were on the order of single nanometers
for the heat treatment conditions used in this chapter. A representative example image of
the precipitate microstructure can be seen by Figure 15. It is apparent from Figure 15(a)
that the precipitates were difficult to view in the SEM, even at 50kx magnification. Figure
15(b) is an AFM amplitude image for a specimen heat treated at 875◦C for 2min. The
higher aging temperature and different imaging technique allowed for the small precipitates
to become clearly visible.
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Figure 15: Images of the γ’ microstructure for ex-situ Waspaloy specimens heat treated
for short aging times. The images are (a) an SEM image after heat treatment at 725◦C
for 2min and (b) an AFM amplitude image after heat treatment at 875◦C for 2min. The
precipitates are visible as small, upraised spheres. Due to the heat treatment conditions
used, the precipitates were of small size for all aging times.
The SANS spectra for both in-situ and ex-situ heat treatment at 725◦C are given by
Figure 16. Only selected aging times were chosen for Figure 16 to increase the readability
of the data. In the case of the in-situ data, the approximate mid-point of the measurements
was used for the listed aging times, and time zero was taken as the time at which the
furnace first reached a steady 725◦C. Much longer aging times were able to be measured
for samples given ex-situ treatment, as seen by the specimen aged for 263.5h on Figure
16(b). The longest measured aging time for the in-situ specimen was approximately 21h.
It should also be noted that the ex-situ data was obtained in absolute units, but the in-
situ data was unable to be converted to absolute units due to the inability to measure the
intensity standard at the temperature used in the experiment. Therefore Figure 16(a) has
an arbitrary intensity scale.
Figure 16 displays all of the scattering regions expected from superalloy specimens (see
Section 2.4.2). The scattering region due to the γ’ precipitates is a correlation peak, due
to interparticle scattering. As would be expected, the γ’ scattering regions shift to pro-
gressively lower Q with aging time due to the increase in precipitate size. While the SANS
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Figure 16: SANS spectra for both in-situ and ex-situ heat treatment at 725◦C. The scat-
tering region for the γ’ precipitates shifts to progressively lower Q with aging time, due to
the increase in precipitate size.
spectra behave similarly for both in-situ and ex-situ heat treatment, it is important to
compare the microstructural data obtained by fitting of the measured SANS data.
5.2 Microstructural Data
The measured SANS data was fit with a volume distribution of spherical particles, as
described in Section 3.4. The most relevant microstructural data obtained from this fitting
was the average precipitate radius (〈r〉), correlation distance (∆), and coordination number
(CN ). These microstructural data are shown in Figures 17, 18, and 19 respectively. For the
case of in-situ aging, the data points are located at the midpoint in the measurement for
the aging time, and the time error bars represent the spread over the entire measurement.
5.2.1 Precipitate Size and Nearest Neighbor Data
5.2.1.1 Average Precipitate Radius
The evolution in 〈r〉 with aging time for both in-situ and ex-situ heat treatment is given
in Figure 17. The error bars for 〈r〉 represent the standard deviations of the fitted volume
distributions. The radii increase with aging time in both cases, as would be expected for
a precipitation reaction. The precipitates remain small throughout all aging times, having
values ranging between 1nm and 5nm for the heat treatment conditions used. Such small
precipitate sizes are corroborated by the barely visible precipitates shown in Figure 15.
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Figure 17: Average precipitate radius as a function of aging time for both in-situ and ex-
situ heat treatment at 725◦C. The radii increase in both cases, as would be expected, and
are within the statistical error at any given aging time.
The values for 〈r〉 are shifted to slightly larger values for the in-situ heat treatment as
compared to the ex-situ heat treatment; however, the values are well within the measured
statistical error in all cases, making the relative difference between the two heat treatment
procedures negligible. The differences in the data may be explained by the spread in time
that the measurements were performed over. Since the precipitation reaction was occurring
simultaneously to the measurement, it would be expected that the precipitates would grow
to slightly larger sizes than if the microstructure was frozen in time.
5.2.1.2 Correlation Distance
The trends in correlation distance (∆) with aging time are given by Figure 18. Similarly to
〈r〉, the ∆ values increase with aging time for both in-situ and ex-situ heat treatment. This
increase in precipitate spacing is a normal precipitation behavior. Unlike the 〈r〉 values,
the ∆ values are significantly larger for the in-situ data set as compared to the ex-situ data
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Figure 18: Correlation distance (center-to-center distance) between precipitates as a func-
tion of aging time for both in-situ and ex-situ heat treatment at 725◦C. The values increase
with aging time, as would be expected, but the precipitate to precipitate distance for the
in-situ sample is noticeably larger than for the ex-situ samples in all cases.
set. It was not possible to calculate statistical error for the correlation distances, since only
single scattering runs were performed for each sample. It is possible that the in-situ data
would be within the measurable error of the ex-situ data, if multiple scattering runs were
performed for both the in-situ and ex-situ cases.
5.2.1.3 Coordination Number
The trends in the γ’ precipitate coordination number (CN ) are given by Figure 19. Unlike
the average radii and correlation distances, CN decreases with aging time. It is to be
expected that the precipitate microstructure will tend towards a smaller number of larger,
widely-spaced precipitates; therefore, the trends shown by Figures 17-19 are reasonable.
Similarly to 〈r〉, the CN data for both in-situ and ex-situ heat treatment is very similar,
and has values ranging between 3 and 5 nearest neighbor precipitates. Figure 19 displays a
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Figure 19: Precipitate coordination number as a function of aging time for both in-situ and
ex-situ heat treatment at 725◦C. The data decreases with time in both cases, with similar
data for both in-situ and ex-situ heat treatment.
large degree of scatter for both data sets, but the in-situ data points fall very closely to the
ex-situ data points in most cases. It is again not possible to calculate the statistical error
for this data for the reasons discussed earlier; however, it can be stated that the data are
quite similar regardless.
5.2.2 Characteristic Rate Laws
The average radii shown in Figure 17, were used to calculate the temporal power law
function describing the increase in the precipitate radius with aging time. The data were
plotted as the natural logarithm of the radius versus the natural logarithm of the aging
time, as shown by Figure 20. The slopes of the lines seen in Figure 20 represent the power
law exponent describing the increase in the γ’ precipitate radius with aging at 725◦C.
The data is again within the measured statistical error for both data sets; however,
the trends in the data are slightly different. It is obvious from Figure 20, that the in-situ
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Figure 20: Natural logarithm of the precipitate radius plotted against the natural logarithm
of the aging time for both in-situ and ex-situ heat treatment at 725◦C. The data were fit
via linear least squares regression, with the slopes of these linear fits representing the power
law exponent describing the increase in the γ’ precipitate radius with aging time.
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data displays two distinct linear regions. While two linear regions can be fit to the ex-situ
data set, the data could also be misconstrued as having a single linear trend. The data for
in-situ aging, shows an initial t0.14 dependence that increases to a t0.34 dependence at later
aging times. The data for ex-situ specimens shows a t0.16 followed by a t0.27 dependence
respectively. The differences between the in-situ and ex-situ data can best be explained by
the limited number of data points for the ex-situ specimens. For the in-situ case, the data
were taken at five and ten minute intervals, but for the ex-situ specimens, only selected
aging times could be measured. The larger number of measured aging times for the in-situ
case, resulted in a much smoother trend in the data.
The rate laws calculated from both in-situ and ex-situ data imply that the specimens
have not yet reached the diffusion controlled growth regime for the aging treatment condi-
tions at 725◦C used in this chapter. This is to be expected, since it has already been shown
that longer aging times and higher temperatures would be required to reach the diffusion
controlled growth or coarsening stages in this alloy [7, 9]. For this particular case, at 725◦C,
the in-situ data appears to be more reliable than the ex-situ case, as the rate law is evolving
quickly with aging time.
5.3 Conclusions
The γ’ precipitate microstructure behaved similarly as measured by SANS measurements for
specimens given either in-situ or ex-situ heat treatment at 725◦C. In both cases, the average
precipitate radii and correlation distances increased with aging time, and the coordination
number decreased with aging time, as would be expected. The most significant difference
in the two data sets was for the rate of increase in the precipitate radii. A plot of the
natural logarithm of the precipitate radius versus the natural logarithm of the aging time
revealed two growth rates for both the in-situ and ex-situ datasets; however, the two regions
were much more distinct in the in-situ case. For the in-situ case the radii first increased
with t0.14 dependence followed by t0.34 dependence, whereas the ex-situ data showed a
t0.16 followed by a t0.27 dependence. The discrepancy is believed to be due to the limited
number of data points in the ex-situ data, which resulted in slightly different data trends.
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The results suggest that care must be taken in interpreting the growth rates from SANS
data on specimens given ex-situ heat treatments. For cases where the rate law is evolving
with time, sufficient aging times should be sampled such that a smooth trend in the data
can be obtained. Both data sets suggest that the the diffusion controlled growth stage was
not reached for the heat treatment conditions used in this study.
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CHAPTER 6
RESISTIVITY AND HARDNESS TRENDS
The electrical resistivity of nickel-base superalloys will evolve as the precipitation process
occurs, due to the competing processes of precipitate formation and solute removal [2–4]. In
order to non-destructively monitor the precipitate microstructure (and also the mechanical
properties), proper electrical response-microstructure models must be developed. Quan-
tifying the precipitate microstructure using small angle scattering was the subject of the
previous two chapters. In this chapter the trends in the electrical and mechanical response
due to γ’ precipitation in Waspaloy are explored. Four-probe resistivity measurements and
Vickers microhardness measurements are compared as a function of aging time for speci-
mens cyclically heat treated at 600, 725, 800, and 875◦C, with microstructural explanations
given for the trends in both measurements.
6.1 Precipitate Microstructure
The evolution in the precipitate microstructure due to the heat treatment conditions used in
this chapter is given in Figures 21-23. Figure 21 displays the evolution in the γ’ precipitate
microstructure for Waspaloy specimens heat treated at 875◦C for increasing aging times.
The spherical precipitates show a clear progression from an initial small, finely-spaced phase
to a larger, widely-spaced phase with aging time. The large object visible in Figure 21(a)
is an etch pit - not a γ’ precipitate. This alloy has been shown to display etch pits at the
lowest aging times when this preferential precipitate etchant is used [6].
The trends in the γ’ microstructure with temperature are shown by Figure 22, whereby
the specimens were heat treated for 163.5h for increasing aging temperatures. Similarly to
Figure 21, the precipitates increase in size as the aging temperature is increased, as the rate
of solute diffusion will be faster at higher temperature.
The γ’ precipitates were not visible in the SEM for aging at 600◦C; therefore, the
atomic force microscope (AFM) and the preferential matrix etchant were used to image
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Figure 21: SEM images of the γ’ precipitate microstructure in Waspaloy after heat treat-
ment at 875◦C for (a) 1.5h, (b) 18.5h, (c) 88.5h, and (d)163.5h respectively. The images
show the expected increase in precipitate size and spacing with aging time.[8]
Figure 22: SEM images of the γ’ precipitate microstructure in Waspaloy after heat treat-
ment at (a) 725◦C, (b) 800◦C, and (c) 875◦C for 163.5h. The images show the expected
increase in precipitate size with aging temperature, due to faster solute diffusion at higher
temperature.[8]
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Figure 23: AFM topographical image of the γ’ precipitate microstructure in Waspaloy
after heat treatment at 600◦C for 763.5h. AFM imaging was required for the specimens
heat treated at 600◦C, due to the much smaller precipitate sizes. [8]
specimens at this temperature. Figure 23 shows the small spherical precipitates for a
Waspaloy specimen heat treated at 600◦C for 763.5h.
6.2 Electrical Conductivity
The calculated electrical resistivity values were converted to electrical conductivity by tak-
ing the inverse and are given in Figure 24. The data points located at 0.01h represent
the solution treated specimens. The conductivity displayed an initial decreasing trend
(corresponding to increasing resistivity) for aging at 600, 725, and 800◦C. This is the ex-
pected electrical response for a precipitation hardened alloy, whereby the initial nucleation
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Figure 24: Electrical conductivity as a function of the aging time for Waspaloy specimens
heat treated at 600, 725, 800, and 875◦C. The values located at 0.01h represent the solution
treated specimens. [8]
of precipitates causes an increase in conduction electron scattering [53–57]. A conductiv-
ity minimum was reached after 163.5h, 1.5h, and 0.5h for aging at 600, 725, and 800◦C
respectively.
The decreasing conductivity region was not evidenced by the samples heat treated at
875◦C. At 875◦C the data shows an increasing trend throughout all measured aging times.
This can be explained by the faster solute diffusion expected at 875◦C compared to the lower
aging temperatures. Consequently, much shorter aging times would need to be measured
such that the decreasing conductivity region would be evidenced.
After the initial conductivity minimum (resistivity maximum) the conductivity increases
with aging time, as shown by the 725◦C and 800◦C sample sets. This increasing conductivity
region can be explained by two mechanisms. The first mechanism is the increase in precip-
itate spacing, whereby the mean free path through the precipitates is increasing with aging
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time (see Figure 21). The second mechanism is the removal of precipitate forming solute
atoms from the matrix phase, as the precipitate volume fraction increases. As Matthiessen’s
rule states, purer metals will also be more electrically conducting [12]. The increasing con-
ductivity region is therefore due to a decrease in conduction electron scattering from both
precipitates and solute atoms.
The specimens aged at 600◦C do not show the eventual increase in conductivity that is
present for the other aging temperatures. Instead, the conductivity decreases to a minimum
after 163.5h of aging and stays relatively constant for the remaining aging times. This can
be explained by the much slower solute diffusion expected for aging at 600◦C as compared
to the higher aging temperatures. If longer aging times were sampled for the 600◦C data
set, then the increasing conductivity region should eventually be evidenced.
During the increasing conductivity region, the data shows a fluctuating behavior with
aging time for the 725, 800, and 875◦C sample sets. As will be shown in Chapter 8, the
fluctuating resistivity behavior may be explained by the presence of a smaller, secondary
precipitate population [9, 10]. The formation of these smaller precipitates would result in
an increase in conduction electron scattering. Due to the cyclic heating schedule used for
these experiments, the secondary precipitate population has been shown to go in and out of
solution with aging time [9], which would account for the fluctuating conductivity behavior
shown in Figure 24.
6.3 Vickers Microhardness
The Vickers microhardness values obtained from Waspaloy specimens heat treated at 600,
725, 800, and 875◦C are given in Figure 25. The measured hardness trends are as described
in Section 2.1 for superalloy specimens. The data shows an increasing hardness region for
the initial aging times at all four aging temperatures; however, there is some scatter in
the data at the lowest aging times, especially for aging at 600◦C. The increasing region is
expected due to the increasing stress required for dislocations to shear through precipitates.
Hardness maxima were obtained after aging at 88.5h and 1.5h for heat treatment at 800◦C
and 875◦C respectively. Hardness maxima were unable to be obtained for heat treatment at
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Figure 25: Vickers microhardness as a function of the aging time for Waspaloy specimens
heat treated at 600, 725, 800, and 875◦C. The values located at 0.01h represent the solution
treated specimens. [8]
600◦C and 725◦C, due to the slower kinetics of growth at these lower temperatures. After
the hardness maximum, the Vickers microhardness values decrease with continued aging at
800◦C and 875◦C. This is as expected due to the decreasing stress required for dislocations
to undergo Orowan bowing as a means of moving throughout the material.
6.4 Correlations between the Electrical and Mechanical Response
The generic trends in the electrical conductivity and Vickers microhardness can be summa-
rized as follows. The conductivity quickly reaches to a minimum followed by a much slower
increase to a maximum with aging time. The Vickers microhardness displays a single max-
imum that occurs at similar aging times to the maximum in conductivity, as is evidenced
by the samples heat treated at 800◦C and 875◦C in Figures 24 and 25. The similar peak
locations can be explained by the precipitate phase reaching the equilibrium volume frac-
tion in the vicinity of the hardness maximum [86]. Once the equilibrium volume fraction
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Figure 26: Normalized conductivity and hardness values as a function of normalized aging
time for Waspaloy specimens heat treated at 600, 725, 800, and 875◦C. The conductivity
and hardness values are plotted on a linear scale, whereas the aging times are plotted on a
logarithmic scale. [8]
is reached, this indicates that the maximum amount of solute will have been removed from
the matrix phase for a given aging temperature - thus causing a conductivity maximum.
In order to better compare the electrical and mechanical response as a function of the
aging time, the conductivity and hardness data shown in Figures 24 and 25 were normalized
with respect to time and magnitude using the extrema in the two data sets as reference
points for normalization. This normalized data is given by Figure 26. For Figure 26, the y
axis is plotted on a linear scale, and the x axis is plotted on a logarithmic scale to match
Figures 24 and 25.
Figure 26 allows for the empirical trends in the electrical and mechanical response due
to γ’ formation to be more readily identified. It is obvious from Figure 26 that the initial
conductivity minimum occurs at much shorter aging times than the hardness maximum.
The conductivity minimum (or resistivity maximum) is due to a microstructure with the
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maximum capability of scattering conduction electrons, whereas the hardness maximum is
due to a microstructure with the maximum capability of impeding dislocation motion. The
difference in the underlying mechanisms promoting changes to these two measurements can
account for the difference in peak locations. As previously mentioned, the location of the
conductivity and hardness maxima occur at similar aging times - most likely due to the
equilibrium γ’ volume fraction being reached.
6.5 Conclusions
Four-point probe resistivity testing has proven to be sensitive to the γ’ precipitation process
in Waspaloy. The electrical conductivity shows an initial decrease to a minimum, due to the
fast nucleation of the precipitates. The conductivity then shows a much slower increase to a
maximum that occurs at similar aging times to the maximum in the Vickers microhardness.
These similar peak locations can be explained by the precipitates reaching their equilibrium
volume fraction, whereby both maximum resistance to dislocation motion and maximum
removal of matrix solute are both achieved.
In order to use electrical resistivity testing as a viable method for monitoring precipi-
tation in superalloys, quantitative models for the electrical response due to the precipitate
microstructure must be developed. The following chapters will involve fitting the electrical
response with microstructural models. Relationships between the mechanical properties
and precipitate microstructure are well researched up to this point [1]; however, Appendix
A presents a microstructural model for the decrease in hardness in the over-aged regime.




RESISTIVITY DURING PRECIPITATE NUCLEATION
The electrical resistivity of precipitation hardened materials shows a fast increase to a
maximum due to nucleation of a fine precipitate phase. This maximum in resistivity has
often been attributed to the volume fraction of the precipitates or zones that are nucleated
[53–55]. This region has also been modeled with a Johnson-Mehl-Avrami (JMA) [32, 33]
type equation for aging times up to the initial resistivity maximum [58, 60]. In this chapter,
the electrical response of Waspaloy specimens heat treated at 600, 625, and 650◦C was
modeled with a similar JMA model for aging times ranging between 2min and 263.5h.
The evolution of the calculated rate constants with temperature was used to calculate an
activation energy for the nucleation of γ’ in Waspaloy. The precipitate volume fraction was
obtained via X-ray diffraction (XRD), similarly to Ferragut et al. [60]. The evolution of the
precipitate volume fraction was compared to the electrical response to ascertain the role of
the volume fraction on the initial resistivity peak maximum.
7.1 X-ray Diffraction Data
Proof of γ’ nucleation was obtained from X-ray diffraction (XRD) scans on the heat treated
Waspaloy specimens. A representative example scan is given by Figure 27. In all cases,
the γ’ peaks were of far smaller intensity than the γ matrix peaks, due to the expected
small volume fraction of precipitates during the nucleation regime. For a given lattice
reflection, the precipitate and matrix peaks occured at similar scattering angles (2Θ). This
can be attributed to the expected low lattice mismatch in Waspaloy [37, 71], whereby the
lattice parameters of both phases have similar values. The two phases also have similar
crystal structures. The matrix phase is FCC, and the precipitate phase has the ordered
L12 structure, which is similar to the FCC crystal structure [1]. The XRD data shown in
Figure 27 shows the expected behavior for γ’ precipitation in nickel-base superalloys such
as Waspaloy [38].
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Figure 27: XRD scan of a Waspaloy sample heat treated at 650◦C for 8.5h. The matrix and
precipitate peaks occur at similar scattering angles due to a low lattice mismatch and similar
crystal structures. The relative intensities of a matrix peak compared to a precipitate peak
can be better seen by the inset, where the (222) lattice reflection of both phases is shown.
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Figure 28: Electrical resistivity as a function of aging time for Waspaloy specimens heat
treated at 600, 625, and 650◦C
7.2 Johnson-Mehl-Avrami (JMA) Fitting
7.2.1 Electrical Resistivity
The electrical resistivity data for aging at 600, 625, and 650◦C is given in Figure 28. The
resistivity data displays the expected increase to a peak for all aging temperatures, with
the peak shifting to lower resistivity and shorter aging times as the aging temperature is
increased. This is the expected behavior due to the smaller precipitate volume fraction and
faster kinetics expected at higher temperature.
The resistivities shown in Figure 28 were converted to relative resistivities (ρrel) using
equation 9. The relative resistivity measures the increase in resistivity from that of the
solution treated sample (ρST ) to that of the maximum in resistivity (ρmax). The ρi values are
the resistivity measurements made as a function of the aging time. The relative resistivity
was fit with a JMA type equation, also given by equation 9. The k and n values from the





= 1− exp [− (kt)n] (9)
The variable, n, in equation 9 is often obtained by rearranging the equation to that given
by equation 10. By plotting the left-hand side of equation 10 against the natural logarithm






= nlnt+ nlnk (10)
The only unknown from equation 9 is the rate constant, k. Therefore, the relative
resistivity data at each aging temperature was fit to equation 9 employing non-linear least
squares regression, using k as the sole fitting parameter. The relative resistivities along
with their corresponding JMA fits are given by Figure 29. The excellent fit of the JMA
model to the measured electrical resistivity data indicates that the JMA model is valid for
predicting the electrical response of Waspaloy due to the nucleation of γ’.
7.2.2 Activation Energy
The k and n values used to fit the data in Figure 29 are given by Table 3. The k values have







The activation energy (Qact) can thus be calculated from the slope of the natural loga-
rithm of k with respect to the inverse of the absolute temperature (T ). Such an Arrhenius
type plot is given by Figure 30 for the k values listed in Table 3. The slope of the linear
fit to the data was used to calculate an activation energy of 398 kJ/mol. The activation
energy calculated from Figure 30 is similar in magnitude to that reported in the literature
for nickel-base superalloys [3, 36, 44]. Rosen et al. [3] reported an activation energy of
250 kJ/mol for γ’ precipitation in several wrought nickel-base superalloys. This activation
energy was attributed to nickel self-diffusion being the dominant nucleation mechanism.
The alloys used by Rosen et al. [3] were of a much simpler composition than the Waspaloy
specimens used in this study. The fewer alloying elements used for those specimens could
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Figure 29: Relative resistivities calculated for Waspaloy specimens heat treated at 600, 625,
and 650◦C. The data are fit with a JMA model meant to describe the electrical response
due to the initial nucleation of precipitates. The excellent fit of the model to the measured
data is an indicator of the JMA model’s potential for predicting changes to the precipitate
microstructure via electrical resistivity testing.
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Table 3: Fitted k and n values from JMA modeling of resistivity
Aging Temperature (◦C) k (s−1) n (unitless)
600 3.03 X 10−5 0.35
625 1.04 X 10−4 0.48
650 5.93 X 10−4 0.61
account for the lower activation energy than that reported here. It has been shown that
the activation energy of nickel-base superalloys can vary with aging time, for example one
study reported values ranging between 228 and 653 kJ/mol [44]. The activation energy
calculated using the JMA model is well within this range, implying that the value obtained
for these Waspaloy samples is reasonable.
7.3 Relationship between Resistivity and Volume Fraction
The integrated intensities of the XRD peaks were used as a metric for the evolving precip-
itate volume fraction during nucleation. The peaks were first fit using the Jade 9 software
from Materials Data, Inc. [85], followed by normalization by the maximum peak intensity.
These normalized intensities (I ) were used along with equation 12 as a measure of the
precipitate volume fraction relative to the value at the resistivity peak maximum (f V,rel).






The behavior of ρrel and f V,rel with respect to aging time at 650
◦C is given by Figure
31. The resistivity and volume fraction both show similar trends with aging time; however,
the relative resistivity is larger than the relative volume fraction in all cases. This was also
noted by Ferragut et al. [60] for JMA fitting of 7012 aluminum. This implies that the
resistivity and volume fraction are not linearly related for nucleation of γ’ in Waspaloy. In
fact, Lendvai et al. [59] reported a resistivity dependence of f
2/3
V for nucleation of GP zones
in an aluminum alloy. Such a dependence would account for the relative resistivity being
larger than the relative volume fraction.
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Figure 30: Arrhenius plot of the fitted k values from JMA modeling of the electrical response
of Waspaloy. The specimens were heat treated at 600, 625, and 650◦C. The activation energy
for γ’ nucleation was obtained from the slope of the linear fit to the data.
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Figure 31: Relative resistivity and relative volume fraction of precipitates for Waspaloy
specimens heat treated at 650◦C. The resistivity values are larger than the volume fractions
for all measured aging times.
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7.4 Conclusions
The initial increase in electrical resistivity to a maximum has been successfully modeled
with a JMA type equation for the nucleation of γ’ in Waspaloy. An activation energy of
398 kJ/mol was calculated through the evolution of the fitted rate constants with tempera-
ture. The maximum in resistivity can be attributed to the increase in the volume fraction of
nucleated precipitates in the initial stages of aging. The volume fraction increased similarly
to the measured electrical resistivity; however, the relative resistivity was larger than the
relative volume fraction for all aging times, implying that the correlation between resistiv-
ity and volume fraction is not linear. JMA fitting of the electrical response is useful for




RESISTIVITY DURING GROWTH AND COARSENING
In the previous chapter, the initial resistivity maximum due to γ’ nucleation was modeled
with a JMA type equation. This model showed an excellent fit to the measured data;
however, the JMA model is only applicable to the initial nucleation of precipitates. For
aging times past the resistivity peak, this model fails to accurately describe the electrical
response due to the evolving precipitate microstructure. The eventual growth and coarsen-
ing of precipitates occurs well after the resistivity maximum. The mechanical properties of
superalloys change drastically during the growth and coarsening stages, making it desirable
to model the resistivity for these longer aging times as well.
In this chapter, electrical resistivity measurements were obtained for Waspaloy speci-
mens cyclically heat treated at 725, 800, and 875◦C for aging times ranging from 0.5h to
263.5h. The evolution in the precipitate microstructure was evaluated using SEM imaging
and ultra-small angle X-ray scattering (USAXS). A microstructural model is presented that
accounts for the effects of the evolving precipitate microstructure and matrix solute content
on the measured electrical response. This model is especially useful in that it applies to
the growth and coarsening stages of precipitation, rather than the nucleation regime only.
In the next chapter, this model will be improved to better encompass the true precipitate
microstructure in Waspaloy.
8.1 Microscopy
Microstructural images of the γ’ phase are given by Figures 32 and 33. Figure 32 presents the
progression in the precipitate microstructure with aging at 875◦C for increasing aging times.
The precipitates remain spherical throughout all aging times and display the expected
increase in precipitate size and spacing as the aging time increases. Similar trends were
noted for aging at the lower aging temperatures; however, as can be seen by Figure 33,
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Figure 32: SEM images of the γ’ precipitate microstructure in Waspaloy after heat treat-
ment at 875◦C for (a) 0.5h, (b) 3.5h, (c) 8.5h, and (d)263.5h respectively. The images show
the expected increase in precipitate size and spacing with aging time.[9]
the kinetics of growth were much slower at lower temperature. Figure 33 displays the γ’
evolution with temperature for specimens heat treated for 163.5h in all cases.
8.2 USAXS Measurements
8.2.1 USAXS Spectra
The evolution in the precipitate microstructure was quantified via USAXS measurements.
A representative example of the USAXS spectra obtained for these specimens is given
by Figure 34, whereby each subsequent aging time has been shifted upward in intensity for
easier viewing. Figure 34 displays the expected scattering regions from superalloy specimens
(see Section 2.4.2), and are designated as regions I, II, and III. Region I corresponds to
scattering from carbides located at the grain boundaries, which are not the subject of the
present study. Regions II and III correspond to scattering from the primary and secondary
precipitate size populations respectively. Unlike the SANS measurements, the scattering
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Figure 33: SEM images of the γ’ precipitate microstructure in Waspaloy after heat treat-
ment for 163.5h at (a) 725◦C, (b) 800◦C, and (c) 875◦C respectively. The images show the
expected increase in precipitate size with aging temperature.[9]
regions from γ’ are Debye regions in all cases, whereby the intensity decreases with Q−n
dependence.
At the lowest aging times, the USAXS data shows a single distribution of precipitates
in all cases. This is as evidenced by the sample aged for 0.5h in Figure 34. This primary
precipitate population shifts to progressively lower Q as the aging time increases. Such
a progression is indicative of the increasing precipitate size with aging. Continued aging
resulted in the formation of a secondary precipitate size population, denoted as region III
in Figure 34.
8.2.2 Microstructural Evolution
The USAXS spectra, like those shown in Figure 34, were fit with a volume distribution of
spherical particles. The particle size distributions (PSD’s) obtained from such data fitting
are given in Figure 35. The data show a shift to a bimodal distribution for every aging
temperature, but the aging time required to induce this secondary population increased
with decreasing aging temperature. The primary precipitate size population shifts to larger
diameters and broadens significantly with aging time. This is typical of precipitate coarsen-
ing. The secondary precipitate population does not progressively shift to larger diameters
with time, as does the primary population. Instead, the sizes for the secondary phase appear
to change in a more erratic fashion.
Of particular interest from the PSD’s shown in Figure 35 are the average precipitate
radius (〈r〉) and the volume fraction (f V ). This data is presented by Figures 36 and 37
respectively. Multiple USAXS measurements were obtained for each sample, allowing for a
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Figure 34: USAXS spectra for Waspaloy specimens cumulatively heat treated at 875◦C
for increasing aging times. Each aging time has been shifted in intensity to increase the
readability of the data. Regions I, II, and III denote scattering due to carbides, the primary
precipitate size population, and the secondary precipitate size population respectively. [9]
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Figure 35: Volume distributions of the γ’ phase in Waspaloy, as obtained by USAXS data
fitting. Regions II and III denote the primary and secondary precipitate size populations
noted from the USAXS data. [9]
69
Figure 36: Average precipitate radii for the (a) primary and (b) secondary precipitate
populations for Waspaloy specimens heat treated at 725, 800, and 875◦C [9]
statistical average of the microstructural parameters to be calculated. These averages and
standard deviations correspond to the data markers and error bars shown in Figures 36 -
39.
The average primary radius (〈rp〉) and the average secondary radius (〈rs〉) as a function
of aging time are given by Figure 36. There is a clear progressive increase in 〈rp〉 with both
time and temperature in all cases. This is similar to the evolution in the γ’ microstructure
noted from Figures 32 and 33. The 〈rs〉 data shows an increasing trend with aging time,
but with a high degree of scatter and with larger standard deviations than that measured
for 〈rp〉.
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Figure 37: Volume fractions of the γ’ phase in Waspaloy corresponding to the (a) primary,
(b) secondary, and (c) total precipitate population for specimens aged at 725, 800, and
875◦C [9]
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The average over multiple USAXS runs for f V is given by Figure 37. The subscripts
P, S, and T refer to the volume fractions of the primary, secondary, and total precipitate
populations respectively. The average primary precipitate volume fraction (〈fV,P 〉) reaches
a peak followed by a decreasing trend for aging at 725◦C and 875◦C. These peaks occur
at 18.5h and 1.5h respectively, and are most likely due to the primary phase reaching the
equilibrium volume fraction. The decrease in 〈fV,P 〉 after the maximum can be explained by
the smallest precipitates from the primary distribution joining with the largest precipitates
from the secondary distribution. The 800◦C data does not show a peak for f V,P ; however,
a large standard deviation is noted for the sample aged for 1.5h. It is possible that this
indicates a peak in the data, with the true volume fraction lying below that calculated from
USAXS measurements. Furthermore, Kelekanjeri et al. [7] noted a peak in the primary
volume fraction for Waspaloy specimens heat treated at 800◦C. These specimens were given
a vacancy stabilization treatment in addition to the solution treatment and aging treatment,
so those samples were not subject to the exact same processing conditions as the samples
used in this study. Nevertheless, it is evidence of a possible peak location at 1.5h for the
specimens heat treated at 800◦C.
The average secondary precipitate volume fraction (〈fV,S〉) behaves quite differently than
〈fV,P 〉, with 〈fV,S〉 showing a fluctuating behavior throughout all aging times. The 〈fV,S〉
values also appear to be temperature independent, with the data points corresponding
to varying temperature occurring well within the error bars for each aging time. It is
believed that the secondary precipitate phase is due to the cyclic heating schedule used for
these experiments. Samples at each aging time would be exposed to the same number of
ramp-up cycles regardless of the aging temperature. This would account for the temperature
independence of 〈fV,S〉.
The average total precipitate volume fraction (〈fV,T 〉) displays both the peaked behavior
of 〈fV,P 〉 and the eventual fluctuating behavior noted in 〈fV,S〉. In the case of 〈fV,T 〉, the
800◦C data set also displays a peak, with the peaks occurring after 18.5, 8.5, and 1.5h at
725, 800, and 875◦C respectively.
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Figure 38: Coarsening plots for the primary γ’ precipitates in Waspaloy specimens heat
treated at 725, 800, and 875◦C with linear fits to the data. The inset better displays the
increasing slopes (coarsening rate constants) with increasing temperature. [9]
8.2.3 Growth and Coarsening Behavior
The coarsening plots for the average primary precipitate radius, 〈rp〉, are given by Figure
38 as a plot of 〈rp〉3 versus the aging time. The inset of Figure 38 better displays the
increasing slopes of the data with temperature, indicating the increase in the coarsening
rate constants. No growth or coarsening response was noted for the secondary precipitate
population.
While the linear fits to the coarsening data indicate a t1/3 dependence for the precipitate
radii, it should be noted that the 725◦C data set displays a less ideal fit to the data. A
plot of the natural logarithm of the radius with respect to the natural logarithm of the
aging time is more indicative of the true temporal power law exponent. Such a plot is
given in Figure 39 for aging at all three measured temperatures. Figure 39 indicates that
the precipitates are within the diffusion controlled coarsening regime throughout all aging
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Figure 39: Plot of the natural logarithm of the average primary radius with respect to the
natural logarithm of the aging time for specimens aged at 725, 800, and 875◦C. The slopes
of the linear fits yield the temporal power law exponent describing the precipitation regime
(growth or coarsening) for each particular aging temperature. The data indicates diffusion
controlled coarsening for the 800◦C and 875◦C data sets and a mixed mode of growth and
coarsening at 725◦C.
times for the samples heat treated at 800◦C and 875◦C. Heat treatment at 725◦C resulted
in a t0.41 temporal power law, indicating a mixed mode of growth and coarsening. This
would explain the lower R2 value for the linear fit to the 725◦C data set from Figure 38.
8.3 Electrical Response
The previous sections presented the evolution in the precipitate microstructure due to cyclic
heat treatment. This section will describe the effects of this evolving precipitate microstruc-
ture on the measured electrical response. The electrical resistivity due to aging at 725, 800,
and 875◦C is given by Figure 40. The data in Figure 40 displays the expected initial increase
to a maximum, excepting the case of the 875◦C data set, whereby the faster kinetics pre-
vented sampling of this region. The data then displays the expected decrease in resistivity,
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Figure 40: Measured electrical resistivity as a function of aging time for Waspaloy specimens
heat treated at 725, 800, and 875◦C. [9]
followed by a fluctuating behavior. This fluctuating resistivity behavior is similar to the
fluctuating behavior noted in the secondary precipitate volume fraction shown in Figure 37.
It is believed that the secondary precipitate phase is thus responsible for the fluctuating re-
sistivity behavior noted in Figure 40. The secondary precipitates were of much smaller size
than the primary precipitates in all cases (see Figure 36). The formation and dissolution
of this phase would result in a corresponding increase and decrease in conduction electron
scattering from precipitates, giving rise to the fluctuating resistivity behavior.
The resistivity regions shown in Figure 40 are expected due to cyclic heat treatment of
Waspaloy specimens (see Chapter 6). These trends arise from the competing mechanisms of
conduction electron scattering from precipitates and solute atoms. In order to use electrical
resistivity to monitor the γ’ phase, the effects of the precipitate microstructure on the
electrical response must be quantified.
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8.4 Modeling Electron Scattering from Precipitates
The original work towards modeling the electrical response of Waspaloy due to the evolving
γ’ microstructure was performed by Kelekanjeri et al. [7]. Kelekanjeri et al. [7] proposed
a “figure of merit” designed to model the conduction electron scattering capability of the
evolving precipitate microstructure with heat treatment. In that paper, the figure of merit
was designated as η, but for the purposes of this project, this term will be designated as
ηg, as it models the changes to the precipitate geometry only. The original formulation for









Equation 13 states that the extent of conduction electron scattering from precipitates
should be both directly proportional to the precipitate surface area per unit volume (SV )
and indirectly proportional to the precipitate nearest neighbor distance (∆). As SV in-
creases, the probability of a conduction electron colliding with a precipitate will also in-
crease. Conversely, as ∆ increases, the probability of a conduction electron colliding with a
precipitate will decrease, due to an increase in the mean free path. The formulation given
by Equation 13 is thus reasonable for predicting conduction electron scattering from precip-
itates only. In order to derive the right-most side of equation 13, the following assumptions
were made:
1. The precipitates are assumed to be spherical.
2. The nearest neighbor distance is assumed to be that of a distribution of point particles
in an infinite volume.
3. The precipitates are assumed to all have the average size, 〈r〉.
The first assumption is accurate for Waspaloy, as it has been shown that the γ’ phase is
predominantly spherical; however, this is not always the case for superalloy specimens, which
can take on a variety of morphologies [37]. Assumption 2 is an oversimplification, since the
76
precipitates are of finite size. Assumption 3 is also not accurate, since the precipitates have
a distribution of particle sizes, as can be seen by Figure 35.
However, this model provided the first simplified version that allowed fitting the precip-
itate microstructure to the electrical resistivity in Waspaloy [7]. If these assumptions are
assumed to hold, then the nearest neighbor distance for a distribution of point particles is




For a microstructure where all precipitates have the average size, SV is given by equation
15. Equations 14 and 15 are thus used to formulate ηg.




Kelekanjeri et al. [7] noted a generic similarity between the measured electrical resistivity
and ηg for Waspaloy specimens heat treated at 800
◦C for short aging times. At the longer
aging times, ηg ceased to model the electrical response. The changing solute content of
the matrix phase was not included in ηg. At the lowest aging times, a negligible amount
of solute would be removed from the matrix, which would account for the similarity noted
between ηg and the resistivity in this region. At longer aging times, the solute content of the
matrix cannot be ignored and will evolve concurrently with the geometry of the precipitate
phase. This would explain the failure of ηg to model the resistivity at the longest aging
times. The next section will introduce a compositional term than can be added to ηg to
model both conduction electron scattering from precipitates and solute atoms.
8.5 Modeling Electron Scattering from Solute Atoms
In this section, a compositional term (ηc) is presented that is designed to model the effects of
conduction electron scattering from solute atoms. The matrix phase of Waspaloy is a solid
solution containing all of the alloying elements in the bulk material. As the precipitate
volume fraction increases, the precipitate forming elements are selectively removed from
solution in the matrix phase - effectively reducing the solute content of the matrix. By
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Figure 41: Schematic of the expected electrical response of a hypothetical A-B alloy in
complete solid solution. It is expected that pure metals will be the least resistive, with the
resistivity increasing as either solute is added. The inset displays the proposed response of
a compositional figure of merit designed to correlate conduction electron scattering from
solute atoms to the precipitate volume fraction. [9]
Matthiessen’s rule, it is expected that purer metals will have lower resistivities [12]. The
expected electrical response of a hypothetical A-B alloy in complete solid solution is given
by Figure 41, whereby the resistivity is lowest for the pure metals and is larger as either
solute is added to the solution.
Waspaloy is not a binary alloy, as schematically depicted in Figure 41. Instead, the
composition of the matrix phase will be complex, containing over ten alloying elements -
all of which partition into the precipitate phase with aging [29, 30]. The precipitate volume
fraction is a more microstructurally relevant parameter to model the electrical response
with, as changes to the matrix composition arise from the drawing of these elements into
the γ’ phase. The expected changes to the electrical behavior of the matrix phase should
mirror what is presented in the inset of Figure 41, where ηc is plotted against the total
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volume fraction. When all solutes are in solution (f V,T = 0), there should be a maximum
in compositional type scattering events in the matrix. As f V,T increases, the extent of
compositional type scattering events should decrease due to solute removal from the matrix.
By Nordheim’s rule, the resistivity behavior like that shown in Figure 41 can be treated
parabolically with composition [12]. Therefore, a first estimate for ηc is given by equation
16.
ηc = −Cf2V,T (16)
In equation 16, C is a positive fitting constant that depends on the aging temperature.
The partitioning ratios of the elements in the γ’ precipitates will vary with temperature,
resulting in different compositional dependence on volume fraction at each aging temper-
ature. The compositional term is negative as it acts to detract from conduction electron
scattering as the precipitate volume fraction increases. The total microstructural model
for the electrical response will involve the competing mechanisms of conduction electron
scattering from precipitates and solute atoms. This model for the electrical response of
aged Waspaloy is given by equation 17.





In equation 17, ηg will be dominant when the precipitates are small and the volume
fraction is low. This occurs at the lowest aging times, where Kelekanjeri et al. [7] noted
a generic correlation between ηg and the measured resistivity. The ηc term becomes more
dominant for large volume fractions, which occur at the longer aging times. Therefore,
equation 17 should be able to model the electrical response of Waspaloy throughout all
relevant aging times.
The microstructural information obtained from USAXS data fitting (presented in Fig-
ures 37 and 36) was used in equation 17 to calculate η’. The constant C was iteratively
varied to yield the best fit to the measured electrical resistivity shown in Figure 40. The
evolution of this microstructural model with aging time is compared to the measured elec-
trical response via Figure 42. It is apparent that η’ more closely matches the measured
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electrical response over a wider range of aging times and temperatures than does ηg alone.
The addition of the compositional term to the previous figure of merit, thus results in a
better simulation of the true electrical response of Waspaloy specimens.
8.6 Conclusions
The γ’ precipitate microstructure displayed a transition from a unimodal to a bimodal
distribution upon cyclic heat treatment at 725, 800, and 875◦C. The primary population
of precipitates behaved as expected with aging time, whereby the distributions shifted to
larger precipitate size and broadened significantly. It was determined that the precipitates
were in the diffusion controlled coarsening regime for heat treatment at 800◦C and 875◦C;
however, a mixed mode of growth and coarsening was noted upon heat treatment at 725◦C.
The secondary precipitate population did not show a progressive increase to larger sizes
as aging time increased. The USAXS-derived precipitate volume fraction showed that this
secondary population fluctuated in and out of solution with aging time, most likely due to
the cyclic heating schedule used for these specimens. This cyclic behavior was evidenced
in the electrical resistivity as well, implying that the formation and dissolution of this
secondary population resulted in significant changes to the electrical response with cyclic
heat treatment.
A microstructural model was presented that accounts for conduction electron scattering
from precipitates and solute atoms. This model showed empirical correlations with the mea-
sured electrical response over a wider range of aging times and temperatures than modeling
due to precipitates alone. This model shows promise for non-destructively obtaining the
precipitate microstructure from the electrical response of Waspaloy; however, the model
must be refined to better encompass the true precipitate microstructure. The following
chapter will discuss improvements to the model presented here to yield better fits to the
measured electrical response due to precipitation.
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Figure 42: Evolution in both a microstructural model for the electrical response (η’) and
the true measured electrical response upon aging at (a) 725◦C, (b) 800◦C, and (c) 875◦C.
It can be seen that η’ more closely matches the resistivity than does ηg alone. [9]
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CHAPTER 9
IMPROVEMENTS TO MICROSTRUCTURAL MODEL
As seen by Figure 42 in the previous chapter, the addition of the compositional modeling
term (ηc) to the original precipitate geometry term (ηg) results in a more accurate model
for the electrical response due to precipitation in Waspaloy. In this chapter, ηc is refined to
more accurately reflect the true Waspaloy microstructure. In addition, ηg is also revised so
that it does not rely on the assumptions that the precipitates are point particles and are of
the average size. The data is first fit using the improved compositional term only, followed
by fitting using both improved terms.
The specimens examined in this section are Waspaloy samples exposed to non-cyclic
heat treatment at 725◦C and 800◦C for times ranging from 2min to 263.5h. SEM and
small angle scattering (SAS) were used to characterize the precipitate microstructure. The
use of non-cyclic heat treatment allows for smoother resistivity trends to be obtained, as
the secondary precipitate size population does not form under these conditions [11]. The
lack of this secondary phase, also allows for the use of the more penetrating small angle
neutron scattering (SANS) measurements, as opposed to the USAXS measurements used
in the previous section. SANS measurements are more statistically significant than USAXS
measurements and should give better data for the primary precipitate phase population
(see Chapter 4).
9.1 Microscopy
The evolution in the precipitate microstructure due to non-cyclic heat treatment at 800◦C
is given by Figure 43. The γ’ precipitates increase in size with aging time, as would be
expected; however, the smaller secondary precipitate size population is not present in these
specimens. These specimens were also given a preferential matrix etchant [6], causing the
precipitates to appear as upraised spheres in Figure 43.
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Figure 43: SEM images of the evolving γ’ microstructure in Waspaloy due to non-cyclic
heat treatment at 800◦C. The single precipitate size population increases in size with aging
time, as would be expected.
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Figure 44: Selected SANS spectra for Waspaloy specimens non-cyclically heat treated at
(a)725◦C and (b) 800◦C. The shift in the γ’ scattering region is indicated with arrows. [11]
9.2 SANS Measurements
9.2.1 SANS Spectra
SANS spectra were obtained for the specimens heat treated at 725◦C and 800◦C and are
given by Figure 44. Only selected aging times are included on Figure 44, so that the data
remains readable. The SANS spectra show the expected scattering region at low Q from
the carbides located at the grain boundaries. The γ’ scattering region is at higher Q and
shifts to progressively lower Q with aging time due to the increasing precipitate size. The
γ’ scattering region is a correlation peak due to the much thicker samples as compared to
USAXS. Consequently, the probability of interparticle scattering increases as the samples
become thicker (see Chapter 4) [28]. The correlation peak begins to evolve into a Debye
region, similar to that seen by USAXS, with aging time due to the increase in precipitate
spacing.
9.2.2 Microstructural Data from SANS
The SANS spectra were fit with a volume distribution of particle scatterers in all cases.
The evolution of these particle size distributions with time and temperature may be seen
in Figure 45, whereby each aging time has been shifted upwards. The SANS data for aging
at 725◦C for 2min and 6min did not display significant scattering from the γ’ precipitates;
therefore, there is no microstructural data available for these two specimens.
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Figure 45: Particle size distributions of the γ’ phase for Waspaloy specimens non-cyclically
heat treated at 725◦C and 800◦C [11]
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For both aging temperatures, a single precipitate size population is obtained from the
SANS fitting, due to the use of non-cyclic heat treatment. The initial distributions are very
narrow, and they shift to larger diameters and broaden significantly as aging continues.
This evolution in the PSD’s is commonly seen for precipitate coarsening. The PSD’s upon
aging at 800◦C are shifted to larger diameters than for those heat treated at 725◦C in all
cases. The faster rate of diffusion at the higher aging temperature gives rise to these larger
precipitates.
The evolution in the average precipitate radius can be seen by Figure 46. Only single
scattering runs were performed for this set of experiments, so the standard deviation of
the fitted volume distributions were used for the error bars of Figure 46. As Figure 46(a)
shows, the average radii increase smoothly with both time and temperature, similarly to
the primary precipitate population from cyclic heat treatment shown by Figure 36(a). The
coarsening behavior of this single precipitate size population can be seen in Figure 46(b),
where the data seems to indicate t1/3 dependence for the growth of the radii at both
temperatures. A plot of the natural logarithms of the radius versus the aging time revealed
t1/3 dependence for aging at 800◦C and t0.39 dependence at 725◦C. This can be compared
with the t1/3 and t0.41 dependence noted for cyclic heat treatment at 800◦C and 725◦C
respectively. The data thus suggests diffusion controlled coarsening and mixed growth
and coarsening at 800◦C and 725◦C regardless of the use of cyclic versus non-cyclic heat
treatment.
9.3 Electrical Resistivity
The electrical response due to non-cyclic heat treatment at 725◦C and 800◦C is given by
Figure 47, where the data points at 0.001h represent the solution treated specimens. The
resistivity displays the expected initial maximum followed by the slower decrease with ag-
ing time; however, the resistivity trends are much smoother than those observed for the
cyclically heat treated specimens. The fluctuating behavior noted in the resistivity at long
aging times is not present for these measurements, giving further evidence to the claim
that the secondary precipitate size population is responsible for this fluctuating behavior in
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Figure 46: Evolution in the precipitate radii for Waspaloy specimens non-cyclically heat
treated at 725◦C and 800◦C. The data is presented as (a) the average precipitate radius
with aging time and (b) the coarsening plots. [11]
the cyclically heat treated Waspaloy specimens. In the next section, the electrical response
from Figure 47 will be fit using a revised compositional modeling term.
9.4 Improvements to Compositional Modeling Term
Equation 16 from the previous chapter assumed a parabolic behavior for the electrical
response of the matrix phase in Waspaloy. While this might be accurate for a binary alloy,
Waspaloy is a much more complex system with over ten different alloying elements. It is
therefore proposed that a more generic form of ηc be used to model the compositional effects
on the electrical response. This improved formula is given by equation 18.
ηc = −CfnV,T (18)
Equation 18 has two positive, non-zero fitting constants - C and n. This new ηc still has
the same generic decrease with increasing volume fraction; however, it is not constrained to
have a parabolic decrease, as was the case for equation 16. Similarly to the previous model,
C and n should be fit to the data at each aging temperature due to the variations in the
partitioning ratios as temperature is changed.
The model for the entire electrical response (η’) can also be improved by normalizing
the term in equation 17 by its maximum value (ηmax) to yield a unitless value. Positive η’
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Figure 47: Electrical resistivity for Waspaloy specimens non-cyclically heat treated at 725◦C
and 800◦C. The data points located at 0.001h represent the solution treated specimens.[11]
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Figure 48: Reduced resistivity with η’ fits for Waspaloy specimens non-cyclically heat
treated at (a) 725◦C and (b) 800◦C. The excellent fit of this microstructural model to the
measured electrical response indicates the model’s validity. Modified from [11]
values would indicate that ηg is the dominant term, whereas negative values would indicate












The electrical resistivity shown in Figure 47 was fit with the η’ microstructural model,
given by equation 19, and is displayed in Figure 48. The data is presented as a fit to
the relative resistivity given by equation 9 in Chapter 7, allowing for the resistivity and
η’ values to be plotted on the same axis. The fitted η’ model shows excellent agreement
with the measured electrical resistivity for both aging temperatures. With the exception
of the outlier located at 1.5h of aging at 800◦C, the η’ fit lies very closely to the measured
data points in all cases. There is a noticeably larger standard deviation in the electrical
resistivity at this data point, which may account for the discrepancy. The good fit of this
microstructural model to the measured response implies that this model is a good indicator
of the effects of the γ’ microstructure on the conduction electron scattering ability of the
bulk Waspaloy specimens. In the next section, η’ will be further revised to account for the
finite size and distribution of the precipitates.
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9.5 Improvements to Geometric Modeling Term
The η’ model used in the previous section has shown an excellent fit to the measured
electrical resistivities of Waspaloy specimens; however, the underlying assumptions for this
model are not an exact representation of the true Waspaloy microstructure. Specifically, the
γ’ precipitates have a finite size; therefore, the assumption that the precipitates are point
particles is not accurate. The assumption that the precipitates all have the same size is
also inaccurate, as there is a distribution of precipitates in the microstructure. This section
presents an updated ηg model that more accurately reflects the true γ’ microstructure in
Waspaloy.
Since the γ’ precipitates have a finite size, the location of a new precipitate is dependent
on the locations of all the other precipitates. This in turn makes the formula for the nearest
neighbor distance of point particles to be an inaccurate representation of the actual nearest
neighbor distances. Instead, the mean free path between precipitates (λ) is a more accurate
representation of the true microstructure, as the finite size of the particles is accounted
for [88, 89]. The variable, λ, can thus replace the nearest neighbor distance, ∆, used in
equation 13. The mean free path is defined by equation 20.
λ ≡ 4(1− fV )
SV
(20)
The precipitates also have a distribution of precipitate sizes. Since the smallest precip-
itates are expected to be the most effective at scattering conduction electrons, the precipi-
tates having much smaller diameters than the average size should have a greater contribution
to the resistivity than those of average size or larger. Modeling with the entire distribution
of precipitates is thus important towards accurately describing the effects of the precipitate
microstructure on the electrical response of superalloys.
For a distribution of precipitates, SV and f V are given by equations 21 and 22 respec-
tively. Equation 21 can be compared to the original formulation for SV , given by equation






equal to the average first moment of the radius squared (〈r〉2). Similar logic applies to the




























The new η’ model that reflects the entire distribution of precipitates is given by equation
24. The microstructural information used for fitting in the previous section (along with the
average second and third moments of the radius) was refit to the measured resistivity using
this improved η’. The resistivity and η’ fits are shown in Figure 49. The η’ model again
shows an excellent fit to the measured electrical data. The 725◦C sample set shows a
difference from the measured response between 3.5h and 8.5h. This is in a region where
the resistivity steeply declines. It is believed that the lack of data between 3.5h and 8.5h
made it difficult to fit the resistivity in this region. If additional aging times were measured














The C values from the η’ model decreased for both aging temperatures, when fit with
a distribution of precipitates. The n values also decreased somewhat, but not to the extent
that C decreased. Since the formula for ηg is drastically different for the distribution of
precipitates, it is expected that the fitting coefficients for ηc would also change. Since the
fits to the measured data remain good, the η’ model shows promise for relating volume
distributions of the γ’ phase in Waspaloy to the measured electrical response.
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Figure 49: Reduced resistivity with η’ fits (using a distribution of precipitates) for Waspaloy
specimens non-cyclically heat treated at (a) 725◦C and (b) 800◦C. The excellent fit of this
microstructural model to the measured electrical response indicates the model’s validity.
9.6 Conclusions
The use of non-cyclic heat treatment resulted in a single precipitate size population - in
contrast to the bimodal distributions noted for cyclic heat treatment. The precipitate radii
from this distribution increased smoothly with both time and temperature. The precipi-
tates were determined to be in the diffusion controlled coarsening regime for heat treatment
at 800◦C and a mixed mode of growth and coarsening at 725◦C. The microstructural evo-
lution in the non-cyclically heat treated specimens is the same as that observed for the
primary precipitate size population due to cyclic heat treatment at these same aging tem-
peratures. The single precipitate size population from the individual time-temperature heat
treatments resulted in smoother resistivity trends with aging time than those noted for the
bimodal distributions of precipitates. Specifically, the electrical response does not show the
fluctuating behavior with aging time noted for cyclically heat treated Waspaloy.
The microstructural model designed to correlate the electrical response of Waspaloy due
to precipitation (η’) has been improved such that the resistivity of the matrix phase is not
required to be parabolic with increases in the precipitate volume fraction. In addition, the
model was further improved to include the effects of finite precipitate sizes and a volume
distribution of the precipitates. These changes make η’ a good descriptor of the true precip-
itate microstructure. In order to expand this model to accurately reflect gas turbine engine
components, the evolving dislocation density must also be accounted for. Dislocations are
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also effective conduction electron scatterers, and the dislocation density will change with
thermomechanical exposure in the gas turbine engine. At this time, the η’ model does
not reflect this microstructural parameter; however, for the case of Waspaloy specimens




CONCLUSIONS AND FUTURE WORK
10.1 Conclusions
Small angle scattering (SAS) has proven to be an accurate method to obtain volume dis-
tributions of γ’ phase in heat treated Waspaloy. Both ultra small angle X-ray scattering
(USAXS) and small angle neutron scattering (SANS) have been shown as an effective means
to characterize this microstructure; however, the type of radiation used (X-rays versus neu-
trons) has some impact on the details of the obtainable microstructural data. The USAXS
data displayed a Debye scattering region for the γ’ precipitates, whereas the SANS data
displayed correlation peaks. These correlation peaks arise from interparticle scattering,
which is more probable as the thickness of the sample increases. The SANS specimens were
approximately 2mm thick, as compared to the 10-20µm thick USAXS specimens. This
scattering region difference allows for the precipitate coordination number and correlation
distance (center-to-center distance) to be obtained for the SANS measurements, in addi-
tion to the fitted volume distribution. The Debye regions in the USAXS data cannot be
fit with these two microstructural parameters. The major difference between the USAXS
and SANS data is that the USAXS measurements were more sensitive to the presence of a
secondary precipitate size population formed upon cyclic heat treatment. The SANS data
did not display this secondary population, making SANS ill-suited for characterizing the
cyclically heat treated specimens. For specimens exposed to non-cyclic heat treatment, no
secondary populations were formed. Since thicker specimens may be used for SANS mea-
surements, this makes SANS measurements better-suited than USAXS measurements for
the non-cyclically heat treated specimens, due to increased statistical significance.
The majority of the SAS specimens were given ex-situ heat treatments, followed by a
brine quench. A study was conducted to ascertain the errors associated with this type
of heat treatment by comparing ex-situ versus in-situ heat treatment for SANS specimens
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aged for short aging times. It was found that the microstructural data was very similar for
both cases, implying that the effects of quenching to room temperature were negligible for
the heat treatment conditions used in these studies. The only significant difference in the
data involved the temporal power law functions describing the increase in the precipitate
radius with aging time. For the in-situ case, two distinct rate laws were evidenced from
the SANS data, but for the ex-situ case, the two rate laws were less distinct and displayed
slightly lower values. The larger number of data points for the in-situ case allowed for the
smoother data trends. It is therefore important to measure a large number of aging times
for the initial stages of aging, where the rate law is quickly evolving with time, so that
smooth trends in the power law function can be obtained.
Four-point probe electrical resistivity testing has also shown sensitivity to the mi-
crostructural evolution of the precipitates in Waspaloy. The resistivity shows a fast in-
crease to a maximum due to the increasing conduction electron scattering from the initially
nucleated precipitates. As the precipitate mean free path increases due to growth and
coarsening, the scattering power of the precipitate phase begins to decrease. Also, as the
volume fraction of precipitates increases, precipitate forming solute is removed from the
matrix phase, resulting in a less resistive system. After the initial resistivity maximum,
there is a slower decrease resulting from both growth/coarsening and solute removal. When
the precipitates reach their equilibrium volume fraction, the resistivity shows a plateau that
occurs at similar aging times to the maximum in hardness.
The initial resistivity maximum can be modeled with a Johnson-Mehl-Avrami (JMA)
type equation. These JMA fits showed an excellent agreement with the measured electrical
response for Waspaloy specimens exposed to aging temperatures between 600◦C and 650◦C.
From this fitting, an activation energy of 398 kJ/mol was calculated for the nucleation
of γ’ in Waspaloy. The height of the initial maximum has often been attributed to the
volume fraction of the initially nucleated zones. The relative volume fraction and resistivity
increased similarly with aging time; however, the relative volume fraction was less than
the relative resistivity throughout all measured aging times - implying that the volume
fraction dependence is not one-to-one. Modeling the resistivity maximum is useful towards
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non-destructively characterizing the precipitate microstructure during the initial processing
stages of gas turbine engine components.
Resistivity can also be used to track the precipitation process past the initial maximum,
where the growth and coarsening regimes become dominant. For these studies both cyclic
and non-cyclic heat treatment schedules were used. The specimens exposed to cyclic heat
treatment showed a secondary precipitate size population in addition to the larger primary
distribution. The primary precipitate radii increased progressively with both aging time
and temperature, as would be expected. It was determined that the primary γ’ precipitates
were in the coarsening stage upon heat treatment at 800◦C and 875◦C. A mixed mode of
growth and coarsening was noted upon heat treatment at 725◦C. The secondary precipitate
size population did not increase progressively with time and temperature. Instead the
secondary precipitates fluctuated in and out of solution, with the secondary volume fraction
being independent of the aging temperature. This fluctuating volume fraction resulted in
corresponding fluctuations in the resistivity data at long aging times. It was determined
that the cyclic heat treatment was the cause of the secondary precipitate population. Upon
non-cyclic heat treatment, no secondary precipitate size population was evidenced, resulting
in smoother resistivity trends with aging time. The single precipitate size population due
to non-cyclic heat treatment showed a progressive increase in the radius with time and
temperature, similarly to the primary population for cyclically heat treated specimens.
Also in accordance with this primary population, the specimens non-cyclically heat treated
at 800◦C were determined to be in the coarsening regime, and the specimens heat treated
at 725◦C displayed a mixed mode of growth and coarsening.
A microstructural model (η’), based on microstructural parameters obtained from SAS
measurements, was updated to relate the microstructural evolution during the growth and
coarsening regimes to the non-destructive electrical response. The updated model accounts
for conduction electron scattering from both precipitates and solute atoms as the microstruc-
ture evolves with heat treatment. The initial model only accounted for conduction electron
scattering from precipitates, causing an inaccurate fit to the resistivity data at long aging
times (where solute removal is significant). By including the effects of the matrix solute
96
content on the electrical response model, more accurate fits were obtained. The accuracy
of the fitted data was also improved by removing the constraint that the resistivity of the
matrix be parabolic with composition. The final η’ model was further enhanced by fitting
the entire volume distribution of precipitates to the electrical response - as opposed to just
using the average size of the precipitates. This final model has shown excellent fits to the
true electrical response due to γ’ growth and coarsening in Waspaloy, implying that this
model is valid for quantifying the microstructure’s effects on the electrical resistivity. It
is believed that some form of this model could be used to non-destructively monitor the
precipitate phases in nickel-base superalloys. This would allow for gas turbine engine com-
ponents to be non-destructively tested during service, perhaps leading to better lifetime
prediction.
10.2 Suggested Future Work
The η’ model does not account for the evolution in dislocation density with heat treat-
ment. In order for this model to be used for in-service gas turbine engine components, this
microstructural parameter must be accounted for. During service, these components will
be exposed to large stresses, in addition to the thermal exposure described in this project.
Specimens with long exposure times can also develop coherency strains at the precipitate
matrix interface. Such coherency strains are not expected for Waspaloy, which has a near
zero or negative lattice mismatch, but coherency strains would be expected for many of the
other commercially available nickel-base superalloys. Both the thermomechanical treatment
and the coherency strains should give rise to an increase in the dislocation density. This
would in turn cause the electrical resistivity to increase. If the strain and dislocation density
were obtained as a function of thermomechanical heat treatment, then this microstructural
parameter could in turn be related to the electrical response. The addition of a strain term
to the η’ model would make this model sensitive to the major evolving microstructural
parameters that would affect both the electrical resistivity and the mechanical properties
of nickel-base superalloys.
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For this project, the precipitates were assumed to be spherical in all cases. For Was-
paloy, this is a good assumption, since the low lattice mismatch acts to prevent morphology
changes. For newer superalloy compositions, the precipitates often progress to cuboids,
arrays of cuboids, and even solid state dendrites. This change in morphology would require
the η’ model to be modified, as the surface area of the precipitates was assumed to be that
of a sphere. A study should be performed to ascertain the effects of morphology changes
on the electrical response, such that the η’ model could apply to all of the expected γ’
morphologies in superalloys with different compositions and volume fractions.
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APPENDIX A
HARDNESS IN THE OVER-AGED REGIME
The mechanical response of nickel-base superalloys due to the evolving precipitate mi-
crostructure has been the subject of extensive studies. In fact, models already exist to
describe the increase in hardness or strength in superalloys due to the most relevant mi-
crostructural information, such as precipitate size, mean free path, and volume fraction
[1]. This appendix is meant to present a particular model for the mechanical properties of
superalloys in the over-aged regime. The model presented in this appendix can be used to
predict the decrease in hardness (or strength) of nickel-base superalloys due to coarsening
in the over-aged regime and was calculated by Wilson [90] for a precipitation hardened iron
alloy.
The equation for the extent of decrease in the hardness (H ) as a function of aging time
(t) is given by equation 25. In equation 25, ∆H, ∆H0, and t0 are the increase in hardness
from the solution treated specimen, the hardness increase at the maximum in hardness,
and the time to reach the hardness maximum respectively. The variable M is a constant,
representing the slope of the left-hand side of equation 25 plotted against the change in










= M(t− t0) (25)
The assumptions required for the derivation of equation 25, as given by Wilson [90], are
as follows. Orowan bowing was assumed to be the primary mode of dislocation motion, and
the precipitate phase was assumed to have reached its equilibrium volume fraction. Since
equation 25 is only meant to model the mechanical behavior past the hardness peak, both
of these assumptions are reasonable. The precipitates were also assumed to be spherical,
which is not necessarily the case for all nickel-base superalloy specimens [37]; however, the
precipitates formed for the Waspaloy specimens used in this project were predominantly
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Figure 50: The decrease in hardness as a function of time for over-aged Waspaloy samples
heat treated at 875◦C. The data are fit via linear least squares regression including the
hardness maximum and excluding the hardness maximum. It is clear that the linearity
increases past the hardness maximum. [8]
spherical. Finally, the precipitate radii were assumed to obey a t1/3 temporal power law,
as would be expected due to diffusion controlled coarsening. This is again a reasonable
assumption for times past the peak in hardness.
A plot of the left hand side of equation 25 versus the change in time from the peak is
given by Figure 50. The data used in Figure 50 is from hardness measurements on Waspaloy
specimens heat treated at 875◦C for times past the peak in hardness. The hardness values
as a function of the aging time were presented in Figure 25 in Chapter 6. It is apparent
that the hardness value corresponding to the maximum does not form a linear trend with
the rest of the over-aged data. Equation 25 forces this value to reside at the origin, which
does not agree with the remainder of the data. As can be seen by Figure 50, not using the
maximum in hardness results in a better linear fit to the data.
Past the hardness maximum, the data agrees with equation 25, as can be seen by the R2
value corresponding to the linear fit changing from 0.85 to 0.97 past the peak in hardness. It
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is possible that the Waspaloy specimens were not in the true steady state coarsening regime
at the hardness maximum, which may account for the discrepancy in the data point’s
location. For aging times well past the peak in hardness, Figure 50 suggests that equation
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